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Abstract

Unreinforced masonry (URM) structures constitute both a significant portion of the
world’s heritage buildings and a significant component of the modern residential
building stock, and are particularly susceptible to damage from out-of-plane loads
such as those generated by earthquakes (Ingham and Griffith 2011). Consequently,
there is a considerable need for the development of economical and effective seismic
strengthening techniques for URM construction. This study investigates the
performance of near surface mounted (NSM) carbon fibre reinforced polymer
(CFRP) strengthened clay brick masonry walls under monotonic and cyclic out-of-

plane bending with particular attention to the FRP-to-masonry joint behaviour.

Fourteen NSM carbon FRP-to-masonry pull tests were conducted to study the FRP-
to-masonry bond behaviour and to investigate the effect that variables such as cyclic
loading and FRP strip dimensions have on the debonding resistance of a NSM FRP-
to-masonry joint. The pull tests results were then incorporated into a large database
of FRP retrofitted masonry pull test results by various researchers over the past 10
years. An empirical model was derived for the intermediate crack (IC) debonding
resistance of FRP-to-masonry joints using a large set of test data from the open
literature (Kashyap et al. 2012). Further, in order to predict the global load-slip
response of FRP-to-masonry pull tests using various local bond-slip relationships
two analytical procedures, namely a new generic numerical procedure and a closed-
form mathematical solution, were developed which account for the partial-interaction

response at the FRP-masonry interface (Kashyap et al. 2011).

Fifteen walls were tested in this study to investigate the behaviour of NSM CFRP
retrofitted masonry walls under out-of-plane bending and investigate the IC
debonding failure mechanism in them. Also, the effects of typical design variables
such as reverse cyclic loading, axial pre-compression, FRP strip spacing and
reinforcement ratio on the stiffness, displacement capacity and ultimate strength of

FRP retrofitted masonry walls were studied. The test results demonstrated that NSM

1X



Abstract

CFRP strips designed to fail by IC debonding can provide an increase in strength of
up to 20 times the strength of the corresponding unreinforced wall highlighting the
effectiveness of the retrofitting scheme used. With respect to the test variables under
investigation it was found that FRP strip spacing and reinforcement ratio strongly
affect wall performance whereas cyclic loading and vertical pre-compression had

little effect.

Finally, a simple design methodology has been developed for masonry walls
retrofitted with vertical CFRP strips with IC debonding as the preferred failure
mechanism. This design methodology will provide solutions for choosing the FRP
strip dimensions (b, and t,) and spacing (S). Importantly, the methodology is generic
in the sense that it can be used for any type of FRP material and both externally
bonded (EB) and NSM retrofit techniques. It also enables the FRP retrofit to be

optimised in terms of both the strip spacing and cross-section.

Overall, the results of this study show that the proposed NSM technique is
structurally efficient and viable for seismic retrofitting of URM structures. Moreover,
implementation of the proposed technique could have a significant impact in
strengthening of masonry structures including conservation of the heritage buildings

with considerable historical importance.
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CHAPTER 1
INTRODUCTION

1.1. Background and significance of the research

Unreinforced masonry (URM) structures constitute both a significant portion of the
world’s heritage buildings and a significant component of the modern residential
building stock, and are particularly susceptible to damage from out-of-plane loads
such as those generated by earthquakes (Ingham and Griffith 2011; Ismail and
Ingham 2012). Catastrophic out-of-plane flexural failures of URM (hereafter termed
‘masonry’) walls during seismic events worldwide (e.g. Newcastle, Australia in
1989; Northridge, California in 1994; Kocaeli, Turkey in 1999; L’Aquila, Italy in
2009; Christchurch, New Zealand in 2010, 2011) continue to highlight the need to

strengthen these structures.

There is a broad range of strengthening techniques available today for enhancing the
structural performance of masonry such as steel plate bonding, steel frame works,
shotcrete jacketing and many others. But these traditional techniques have many
disadvantages such as adding considerable mass to the structure, being labour
intensive and time consuming, cause working space and access limitations and also
impinge aesthetics of the building (Triantafillou 1998; Tan and Patoary 2004; Shrive
2005; Korany and Drysdale 2006). Hence, the use fibre reinforced polymers (FRPs)
has gained much attention as a promising strengthening technique for reinforced
concrete and masonry structures (Hamed and Rabinovitch, 2007; Willis et al. 2009a;
Petersen et al. 2009; Milani and Lourenco 2013). Over the past decade or so, near
surface mounted (NSM) FRP is emerging as a promising technology among the
available FRP strengthening methods due to the advantages it offers over externally
bonded (EB) FRP. The NSM FRP retrofitting technique (i.e. inserting FRP strips into
grooves cut into the surface of a wall as shown in Figure 1-1(b)) provides significant

advantages over externally bonded (EB) FRP Figure 1-1(a)) such as improved
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aesthetics, reduced surface preparation and better protection from UV exposure and
vandalism. Importantly, NSM FRP debonds at higher strains than EB FRP and thus
leads to more efficient use of the FRP material (DeLorenzis and Teng 2006).

(a) EB (b) NSM

Figure 1-1: FRP retrofit techniques (cross-sectional view)

For a wall supported on all four sides and subjected to out-of-plane bending, the
vertical bending of the wall is the weakest link (Willis et al. 2010). The use of
vertically oriented NSM FRP to strengthen such walls, has been shown to
significantly increase the vertical bending capacity and thus the ultimate wall
capacity (Korany and Drysdale 2004; Willis et al. 2010). When using the NSM
technique, the most efficient cross-section is a thin rectangular strip as its benefits, in
terms of efficiency and construction time, are superior to those of other shapes such

as bars (Seracino et al. 2007a).

Some of the common out-of-plane failure mechanisms of FRP strengthened masonry
walls include flexural-shear cracking, FRP rupture, FRP debonding, and crushing of
masonry in compression (Albert et al. 2001; Tumialan et al. 2003; Ghobarah and
Galal 2005, Galati et al. 2006; Mosallam 2007). Among these debonding
mechanisms, intermediate crack (IC) debonding is the preferred failure mechanism
as it results increase in both moment capacity and sectional ductility. IC debonding
involves progressive detachment of the NSM FRP strip which initiates at the location
of intermediate flexural or flexural-shear cracks when the strip is subjected to large
tension stress. If the FRP is perfectly attached to the masonry then theoretically the
FRP strip requires infinite strain capacity in order to bridge the intercepting cracks.
As such strain levels are not possible, debonding cracks will occur at the FRP-to-
substrate interface and gradually propagate towards the strip ends (Oehlers and
Seracino 2004; Liu et al. 2007) as long as the debonding strain is lower than the

tensile rupture strain for the FRP.
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Extensive reinforced concrete (RC) research has long shown that FRP can improve
flexural behaviour (Teng et al., 2002; Ochlers et al., 2008). Whilst the application of
NSM FRP strips appears to be a particularly viable retrofitting technique (Dizhur et
al. 2010), limited research has previously been conducted on the application of this
retrofitting technique to masonry structures. Further, the bond at the FRP-to-
masonry interface which is a key factor affecting the flexural capacity is also one of
the ill-understood areas. In addition, the effect of out-of-plane cyclic loading on the
load-deformation behaviour of FRP retrofitted masonry members also warrants more
attention. As a result, there is a significant need for more experimental and analytical
investigations on NSM FRP retrofitted masonry walls before it can be confidently

used for seismic retrofit of URM walls.

1.2. Scope and objectives of the research

This research is a part of a collaborative project between the Universities of
Adelaide, Newcastle and Auckland which aims to develop an innovative and cost
effective retrofit technique for masonry buildings which will not only significantly
reduce the seismic risk posed to these structures but will also be architecturally
unobstrusive. This study investigated the performance of NSM CFRP strengthened
clay brick masonry walls under monotonic and cyclic out-of-plane bending with
particular attention to the FRP-to-masonry bond behaviour. Thus, the following

specific project aims were established.

Aim 1 — Characterise experimentally the bond-slip (z-0) behaviour between NSM
FRP strips and clay brick masonry.

Aim 2 — Develop an analytical model to determine the IC debonding resistance of
bonded joints and also develop mathematical/ numerical procedures, to predict the
observed behaviour which accounts for the partial-interaction response at the FRP-
masonry interface observed in Aim 1. Further, validate the accuracy of these models

using past experimental results from literature and from tests conducted for Aim 1.

Aim 3 — Study the cyclic behaviour of NSM FRP strenthened masonry walls under

out-of-plane bending through a series of experimental tests and investigate the effects

3
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of other important variables such as FRP strip spacing, axial loading and FRP

reinforcement ratio on the overall behaviour of FRP retroffited walls.

Aim 4 — Develop a design methodology for FRP strengthened masonry walls.
Validate the accuracy of the design procedure using experimental results from Aim

3.

The outcomes of this project were expected to result in a deeper understanding of the
shear bond stress-slip behaviour at the FRP-masonry interface; the behaviour of
NSM FRP strengthened masonry walls; and an accurate method of analysis that will
allow reliable and economic design to be undertaken. Thus, the research results
should provide a structurally efficient and viable technique for seismic retrofitting of

URM structures.

1.3. Overview of thesis

The research presented in this thesis has been divided into eight chapters: The

contents of these chapters are briefly described in following sections.

1.3.1. Literature review

Chapter 2 presents an overview of the current state of the art for seismic
strengthening of masonry walls subjected to out-of-plane bending. It discusses the
need to retrofit masonry structures, comparision of traditional retrofit techniques with
the proposed NSM FRP strengthening, different observed failure mechanisms in FRP
retrofitted masonry walls with a specific focus on IC debonding. Also, it includes
review on the behaviour of FRP-to-masonry bonded joints. Additionally, this section
presents the assessment of existing bond strength models for their use with masonry
against a large database of FRP retrofitted masonry pull test results by various
researchers over the past 10 years. Furthermore, findings from previous experimental
studies on the effect of important variables such as FRP strip spacing, reinforcement
ratio, cyclic loading and pre-compression on the flexural response of FRP
strengthened masonry walls are discussed. This chapter concludes by highlighting

research gaps in the literature.
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1.3.2. Bond behaviour

Bond behaviour is divided into two chapters (Chapters 3 and 4) and covers Aim 1
and Aim 2, respectively (refer to §1.2). Chapter 3 describes the experimental bond
pull tests conducted on NSM CFRP-to-masonry joints. Variables that were expected
to affect the bond behavior of FRP-to-masonry joints were considered such as FRP

strip cross-section and loading (cyclic versus monotonic) type.

Chapter 4 presents the analytical models that were developed to describe the local
behavior at the FRP-masonry interface. Firstly, the derivation of analytical models to
determine the IC debonding resistance of bonded joints is presented. Then, empirical
relationships for key parameters such as the fracture energy, G and shear stress-slip
(denoted as local bond-slip) relationship, 7-0, are presented. Finally, two analytical
procedures, namely a new generic numerical procedure and a closed-form
mathematical solution, were developed to predict the global load-slip response of

FRP-to-masonry pull tests using various local bond-slip relationships.

1.3.3. Flexural response of FRP strengthened walls

Flexural response of FRP strengthened walls, reported in Chapter 5 and Chapter 6
involved a series of NSM FRP reinforced masonry wall tests under lateral out-of-
plane bending in order to achieve Aim 3 (refer to §1.2). In total, fifteen clay brick
masonry wall tests were conducted to study the behaviour of NSM CFRP retrofitted
masonry walls in flexure and investigate the intermediate crack (IC) debonding
failure mechanism in them. Chapter 5 describes the test plan, setup and
instrumentations details. Chapter 6 presents the results of experimental tests with
discussion of the effects of different test parameters such as reverse cyclic loading,
axial pre-compression, FRP strip spacing and reinforcement ratio on the stiffness,

displacement capacity and ultimate strength of FRP retrofitted masonry walls.
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1.3.4. Design methodology

Chapter 7 describes the development of a design methodology for FRP reinforced
masonry walls under bending as part of Aim 4 (§1.2). This chapter also includes
validation of the proposed design procedure through comparing with experimental

test results.

1.3.5. Conclusions

A summary of the significant findings of this research and recommendations for

future research are presented in Chapter 8.



CHAPTER 2
LITERATURE REVIEW

2.1. Introduction

URM buildings are most vulnerable to flexural out-of-plane failure (Figure 2-1) near
the top of buildings due to a combination of lower vertical compression stress due to
gravity loads and higher horizontal acceleration due to the earthquake. This
endangers the gravity-load-carrying capability of a wall causing the most serious life-
safety hazard for this type of construction (Bruneau 1994; Kuzik et al. 2003).
Further, the inadequate out-of-plane bending strength of URM walls has been

identified as the one of the major weak links in the seismic load path of URM (Klopp
1996; Doherty 2000).

| ]
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a) 1989 Newcastle, Australia b) 2010 Christchurch, New Zealand
Figure 2-1: Examples of out-of-plane failures in URM buildings

Coburn and Spence (2002) state that in the 1990s, URM failures during earthquakes
were responsible for the 60% of the lives lost (as referred in Erdal 2010). Recent
catastrophic earthquakes in New Zealand (Christchurch, 2010, 2011), Haiti (2010),
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Italy (L’Aquila, 2009) and China (Sichuan, 2008) have further demonstrated the

significant earthquake damage possible in masonry structures.

Masonry structures are one of the oldest and most widespread forms of construction
worldwide. However, many of these buildings were constructed before the
development of formal design procedures and were detailed with little, if any,
reinforcement to withstand wind and gravity loads. Typical masonry characteristics
such as its heavy weight, brittle nature, large stiffness and high variability in material
properties along with readily available failure planes in the form of well-defined
joints makes these structures more susceptible to out-of-plane collapse even under
low seismic loading (Wakabayashi 1986: Kuzik et al. 2003). More important, many
of these masonry buildings have significant historical or cultural heritage value
making it desirable to strengthen them. Masonry buildings may also require
strengthening due to many other reasons such as increased life span demand, due to
distress caused by environmental factors or past loading events, functional changes
to use, or upgrading lateral strength to conform to modern code standards (Lillistone
and Jolly 1998; Drysdale et al. 1994). Consequently, there is a considerable need for
the development of economic and effective seismic strengthening techniques for

URM construction.

2.2. Strengthening techniques

2.2.1. Traditional strengthening techniques

A variety of seismic strengthening techniques are available today for restoring lateral
strength of masonry structures. An extensive review and comparison of various
retrofitting techniques is given in ElGawady et al. (2004) and Chuang and Zhuge
(2005). Some of the many traditional techniques include externally bonded steel
plates; prestressing cables; surface treatment using ferrocement, shotcrete or,
reinforced plaster; injecting grout or epoxy into pre-existing cracks or voids;
structural repointing and confining the masonry with reinforced concrete tie columns

and tie beams. Although these techniques have been proven effective, they also have
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many drawbacks (Triantafillou, 1998; Tan and Patoary, 2004; Luccioni and Rougier,
2010) such as:

e being labour intensive and time consuming;
e cause working space and access limitations;
e have high construction costs and lack of reliability (450 buildings reinforced
before the Northridge earthquake failed after it (ElGawady et al. 2005));
e adversely affect the architectural aspects of a structure;
e can add considerable weight to a structure which can significantly change its
dynamic response and can require expensive upgrades to the foundation; and
e Corrosion of steel reinforcement.
The above mentioned disadvantages of the conventional retrofitting techniques make
them excessively disruptive, visually intrusive, uneconomical for many practical
applications and often undesirable for strengthening historical buildings which

require special treatment (Korany and Drsydale 2006).

2.2.2. Strengthening with FRP

It is important that the seismic strengthening technique be cost effective, efficient
and minimally disruptive to the occupants of the building (Erdal 2010), where URM
structures have significant cultural heritage value, the technique also needs to be
aesthetically acceptable. From a review of the existing literature, FRP composites
have emerged as a viable and attractive retrofit alternative for construction
application. FRPs are a composite material consisting of high strength fibres
embedded in a resin matrix. The FRP reinforcement is either externally bonded (EB)
to the surface of a wall or adhesively bonded into grooves cut into the surface of a

wall (NSM) (discussed in more detail in §2.2.3).

FRPs have superior characteristics and several advantages with respect to traditional
techniques (Ehsani et al.1999; Albert et al. 2001; Galati et al. 2005; Korany and
Drsydale 2006; ACI 440.XR 2009; Carloni and Subramaniam 2012). These are:

e their high stiffness and strength-to-weight ratio so that an entire wall can be

strengthened by treating only a fraction of wall surface area;
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e they do not add significant weight to the structure so that the dynamic mass of
the structure remains more or less unchanged;

e their small thickness and low specific weight offers ease of application and
faster construction;

e they are flexible so they can be used in areas with limited access and are
adaptable to curved and rough surfaces;

e they are non-corrosive and nonmagnetic with lower life-cycle maintenance
costs; and

e minimal aesthetic impact making the NSM technique suitable for

preservation of historical structures.

FRPs are readily available in several forms (Figure 2-2), such as sheets, strips, bars
and tendons (for pre-tensioning or post- tensioning), reinforcing bars or meshes. The
fibres are stronger in the longitudinal direction but are generally weak in lateral
direction. Hence, when fibres are unidirectional such as in strips, tendons and bars,
high strength and stiffness is achieved in that direction compared to others. In the
case of sheets, fibres can be aligned orthogonally, at pre-defined angles or randomly

to provide the desired orthotropic properties (Shrive, 2005).

Figure 2-2: Different FRP products (Tinazzi and Nanni 2000)

One of the factors which limit the use of FRP as a strengthening material is its high

cost of production. However, it is important to consider that in the structural

10
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strengthening field, major costs are associated with design, transportation and labor
while material costs comprise only 20% of the total cost (Tinazzi and Nanni 2000).
Moreover, its low installation and maintenance costs can make the FRP the most

suitable option (Tinazzi and Nanni 2000).

Three types of FRP composites are commonly used for strengthening of structures:
carbon-fibre-reinforced polymer (CFRP), glass-fibre-reinforced polymer (GFRP),
aramid-fibre-reinforced polymer (AFRP). CFRPs have higher tensile strength, and
higher modulus of elasticity (Table 2-1) due to which they are much more effective
than laminates with lower stiffness such as GFRP (Triantafillou 1998; Korany and
Drysdale 2006). GFRP is commonly preferred for masonry strengthening as its
material costs are substantially less than carbon or aramid materials. However, CFRP
1s more suitable for sites where masonry will be subjected to sustained stresses, high
alkalinity and high moisture or relative humidity. CFRP systems are more
appropriate for these applications since compared to GFRP, they offer superior
durability in moist environments, better resistance to wetting and drying, freezing
and thawing, alkaline solutions, and creep rupture (Tumialan et al. 2009 and ACI

440.7R 2010).

Table 2-1: Mechanical properties of FRP composites (Teng et al. 2002)

Unidirectional FRP Density Longitudinal tensile Tensile
. . 3 strength
composite materials (kg/m”) modulus (GPa) (MPa)
GFRP 1600-2000 20-55 400-1800
CFRP 1600-1900 120-250 1200-2250
AFRP 1050-1250 40-125 1000-1800

2.2.3. FRP application techniques

As mentioned in §2.2.2, two FRP application techniques that are commonly used for
strengthening masonry structures are: externally bonded (EB) sheets or strips or

NSM FRP bars or strips. Many studies have been conducted on masonry walls
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reinforced with EB FRP whereas NSM FRP is a comparatively new retrofit
technique. Although the EB FRP technique has been shown to improve the
performance of masonry members, it has many disadvantages that may restrict its use
under certain conditions, such as its: (1) adverse effect on the aesthetics of a
structure; (2) high susceptibility to debond at low strain; (3) lengthy preparation of
the substrate surface prior to installation of the FRP; (4) exposure to vandalism; and
(5) possible interference with floor and/or pavement finishes (Vasquez and Seracino

2010).

Over the past decade or so, NSM FRP has gained attention as a viable strengthening
technique as it offers many advantages over EB FRP. These include higher axial
strain at debonding due to the increased bond surface area and confinement,
protection from UV light and vandalism, minimally invasive, and reduced
installation time. With the NSM technique, FRP strips can be inserted into grooves
aligned vertically with the perpend joints or offset from the perpends so that the FRP
is bonded to the bricks in every course of the cut into brick units only or alternating
brick units and mortar joints. A study by Willis et al. (2009) concluded that
positioning the strips through the perpend joints resulted in only a small reduction in
bond strength, of the order of 10%. It should be noted that this level of strength
reduction may be acceptable considering the beneficial effects such as the reduced

aesthetic impact and ease of strip placement.

2.3. Failure mechanisms in FRP retrofitted masonry structures

Figure 2-3 shows the different failure mechanisms observed by previous
experimental studies on FRP strengthened masonry walls subjected to out-of-plane
loading. Some of the common failure mechanisms mentioned in the literature include
intermediate crack (IC) debonding (Figure 2-3(a)), flexural-shear cracking (Figure
2-3(b)), FRP rupture (Figure 2-3(c)), perpend shear failure (Figure 2-3(d)), and
crushing of brick in compression (Figure 2-3(¢e)) (Albert et al. 2001; Tumialan et al.
2003; Ghobarah and Galal 2004; Galati et al. 2006; Hamed and Rabinovitch 2007;
Mosallam 2007).
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(d) Perpend Shear failure (e) Comprssive Failure

Figure 2-3: Observed failure modes in FRP strengthened masonry under out-of-

plane loading

As discussed earlier in §1.1, debonding of FRP composites from masonry has been
reported as one of the key failure mechanisms. The IC debonding mechanism can be
idealised using a pull test. Figure 2-4(a) shows a masonry wall retrofitted with

vertical FRP strips.
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Figure 2-4: Pull test simulating IC debonding
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A design strip centered about an FRP strip can be represented as a masonry beam
(wallette) with an FRP strip bonded to its tension face (Figure 2-4(b)). To simulate
the IC debonding failure mechanism of such a beam, the monotonic pull test can be
used whereby a tensile force (P) is applied to the FRP strip causing a slip (A) at the
crack face as shown in Figure 2-4(c). The resulting P-A response (Figure 2-4(d)) is

referred to as the global load-slip response.

Pull tests are useful, relatively inexpensive tests which can be used to investigate the
effective bond length (which is the length of bonded FRP required to develop the
maximum IC debonding load, Pyc), debonding strain and other factors impacting on
the bond strength. These properties are required for the numerical analysis of FRP
reinforced structures. Further, it has been shown that the debonding resistance
obtained from FRP-plated pull tests is a lower bound to the IC debonding resistance
in FRP strengthened structures due to effects of moment and crack distribution (Xia
and Oehlers 2006; Liu 2005). Hence, to predict the behaviour of FRP strengthened
masonry walls with potential flexural cracks occurring at the many closely-spaced
mortar joints, the behaviour of the FRP-to-masonry joint needs to be studied in detail

(Xia and Oehlers 2006; Petersen et al. 2009; Willis et al. 2009b).

2.4. Bond Behaviour of FRP strengthened structures

The global load-slip response depends on the interfacial bond characteristics between
the FRP and the surrounding masonry substrate such as the interface shear stress, z
and the local interface slip, 0 (Figure 2-5). The local 7-6 response is known as the

local bond-slip behavior (Figure 2-5).

The behavior at the FRP-to-masonry interface is the means for transfer of load
between the FRP and the substrate to develop composite action. The interfacial
behavior affects the flexural capacity and other important aspects such as the width
and spacing of cracks for a reinforced section. Hence, it is essential to quantify the
interfacial bond-slip relationship for accurate modelling and understanding of
debonding failures in FRP strengthened structures (De Lorenzis and Nanni 2002; Lu

et al. 2005; Xia and Oehlers 2006; Ghiassi et al. 2012)
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Figure 2-5: Local 7-0 characteristics

Extensive research is available in the literature on the bond between FRP and
concrete (Teng et al. 2002; Oehlers et al. 2008) whereas the knowledge of the bond
at the FRP-to-masonry interface is comparatively limited. It should be noted that
while concrete is often considered to be a homogeneous material, masonry consisting
of brick units and mortar joints is clearly heterogeneous. However, due to material
similarity between concrete and masonry, such as low tensile strength and brittleness,
the debonding mechanisms for retrofitted masonry have been found to be similar to
those of retrofitted reinforced concrete (RC) members. Moreover, factors affecting
the FRP-to-concrete bonded joint behaviour similarly influence FRP-to-masonry
bonded joint behaviour (Xia and Oehlers 2006, Petersen et al. 2009). The use of
FRP to improve the flexural resistance of RC members is now well established (e.g.
Teng et al. 2002, Ochlers and Seracino 2004). Hence, in this study the research on
the debonding mechanisms in plated RC structures has been used as the starting point

for research on FRP retrofitted masonry structures.

2.4.1. Local bond slip model

Various local 7-0 relationships have been proposed for FRP-concrete bonded joints.

These models have different shapes and large differences exist between them which
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may be attributed to different retrofitting techniques and substrates used in these
studies (Dai et al. 2005). Importantly a reliable local -6 model with an appropriate
shape and interfacial fracture energy, Gg, are needed for the accurate analysis of
debonding failures in FRP-strengthened structures (Lu et al. 2005; Ueda and Dai
2005). The interfacial fracture energy is equal to the area under the bond—slip curve
and is needed to derive bond strength models. Moreover, for the calculation of some
quantities such as maximum transferable load of a joint or bond strength, interfacial
fracture energy can be used regardless of the shape of the bond—slip curve (Dai et al.
2005). The three significant parameters of a bond-slip model are the maximum bond
stress (Tmaqx), the local slip at maximum stress (J;) and the maximum local slip at

which the bond stress has reduced to zero (d,..,) (Figure 2-5).

Commonly idealised forms of local 7-0 models are rigid-softening, elastic-softening
and non-linear. The rigid-softening model is characterized by a rigid-softening
branch with the elastic stiffness tending to infinity whereas the elastic-softening
interface characteristic linearly ascends before a maximum shear (7,,,) is reached at
slip (0;), followed by a softening branch to zero residual stress at a slip of J. to
accommodate the softening nature of the interface resistance (Figure 2-5). The main
features of the nonlinear curve (Figure 2-5) are an initial ascending non-linear curve;
a peak shear stress of 7, which occurs at d; followed by non -linear descending

curve.

Xia and Oehlers (2006) concluded that the stiffness of the ascending branch of the
local 7-0 relationship has a great influence on the initial stiffness and the ductility of
the global load-slip curve of the FRP-masonry bonded joint (Figure 2-6). A smaller
ascending stiffness results in a larger elastic region and more ductile load-slip
response. However, it was observed that the various bond-slip curves with the same
interfacial fracture energy all had the same ultimate strength capacity. Moreover,
high fracture energy was found to improve the ultimate load and deformability of

FRP-masonry bonded joints (Figure 2-6).
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Figure 2-6: Effect of local t-6 models on P-A response (Xia and Oehlers (2006)

2.4.2. Assessment of existing bond strength models

Discussion on existing bond strength models

Many theoretical models have been previously developed to predict the bond
strength of FRP-to-concrete joints where the bond strength refers to the shear
strength capacity of the FRP-to-substrate interface. A review of the existing models
applicable to EB FRP-to-concrete bonded joints can be found in Lu et al. (2005),
Kharbhari et al. (2006) and Sayed-Ahmed et al. (2009). A total of 24 FRP-to-
concrete bond strength models from the literature were investigated in this study.
These models are based on either empirical relations calibrated against experimental
data or on fracture mechanics theories or combinations of the two. Some of these
models involve parameters that are not applicable to masonry while for others,
insufficient information was available to include the models in the reported analysis.
Further, for the models proposed by some researchers (Challal et al. 1998, Bronsens
and Van Gemert 1999, Dai and Ueda 2003 and Ueda et al. 2003) adhesive properties
are needed. However, the properties of adhesives used are not always reported and
hence, these models are not further discussed. Consequently, only 12 EB models
were considered in this study (Tanaka (from Sayed-Ahmed et al. 2009), Hiroyuki
and Wu 1997, Maeda et al. (from Chen and Teng 2001), Neubauer and Rostasy
(from Sayed-Ahmed et al. 2009), Khalifa et al. 1998, Chen and Teng 2001, Yang et
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al. (from Sayed-Ahmed et al. 2009), Monti et al. 2003, Iso (from Sayed-Ahmed et al.
2009), Sato (from Sayed-Ahmed et al. 2009), Lu et al. 2005 and Kharbhari et al.
2006 (extended from Nakaba et al. 2001). Analytical models specific to the NSM
technique have been published by Blaschko (2003) and Seracino et al. (2007a). As
Blaschko’s model requires adhesives property data, it also could not be included in
this analysis. Further, details of all these existing models for FRP-to-concrete joints

are included in Appendix §A.1.

All of the above models are specific to a particular retrofitting technique, i.e. either
EB or NSM. The first generic analytical model applicable to any adhesively bonded
plate cross-section and material was developed by Seracino et al. (2007b) for

predicting the IC debonding resistance, P, using Eq. 2-1

PIC = \/Tmax §max \/Lper (EA)p Eq 2'1

where the maximum interface shear stress, 7, =(0.802+0.078¢ ) 1. oe.

> ¥ max

0.976¢ %%
0.802 +0.078¢, ’

the maximum interface slip, Oax =

/e is the cylinder compressive strength of the concrete;

¢r = dyby, 1s the IC debonding failure plane aspect ratio and dr and by are the lengths
of the failure plane perpendicular and parallel to the surface of the substrate as shown
in Figure 2-7;

L, the perimeter of the debonding failure plane (Figure 2-7); and

(EA), is the axial rigidity of the FRP strip.

The effective bond length, L.z is given by Eq. 2-2

T Eq. 2-2
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Figure 2-7: Failure plane for FRP retrofitted sections

From the current literature, only three theoretical models (Camli and Binici 2006,
Willis et al. 2009b and Milani et al. 2009) are available for masonry to predict the
debonding resistance of FRP-to-masonry joints. Moreover, the models proposed by
Camli and Binici (2006) and Milani et al. (2009) are specific to the EB retrofitting
technique. The generic model by Willis et al. (2009b) was adapted from the generic
model of Seracino et al. (2007b) described earlier in this section using Eq. 2-1 and
can be applied to both EB and NSM techniques. Details of all these existing models
have been included in Appendix §A.1.

Existing pull test data

To assess the accuracy of the above mentioned bond strength models, a large
database was developed containing the results of 223 FRP-to-masonry pull tests

reported in the open literature for both EB and NSM FRP techniques. It should be
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noted that other tests reported in the literature (e.g. Soric and "Tulin 1989, Carloni
and Subramanium 2010, Capozucca 2009) had insufficient information (e.g. material
and/or geometric properties) provided to allow meaningful analysis and comparison.
It should be noted that of the 223 FRP-to-masonry pull tests available in the open
literature, NSM tests account for only about 25% of the total. The database includes
results from ten different experimental studies (De Lorenzis et al. 2000; Turco et al.
2003, Liu et al. 2005, Camli and Binici 2006, Xia & Oechlers 2006, Petersen et al.
2009, Konthesingha et al. 2009, Lam 2009, Willis et al. 2009b, and Oliveria et al.
2010). Results with failure modes other than IC debonding and bond lengths less
than L.; were excluded where L.y was calculated using Eq. 2-2. Consequently, a
dataset of 109 pull test results was available as shown in Appendix §A.2 (Table A-1).
The range of experimental parameters included in the database are: 22.3 GPa < Ep <
230 GPa; 1.3 MPa < f,, < 3.57 MPa and 0.02 < ¢y < 6.56 where the flexural tensile
strength of the brick unit, f,, was not reported, it was calculated using Eq 2-3
assuming that the following relationship between between concrete tensile and

compressive (f°;) strength is also applicable to masonry units (MacGregor 1988).

Eq. 2-3
Fo-2dz !

0.53
Comparison of existing bond strength models

Table 2-2 presents results that were used to evaluate the reliability and accuracy of
the 15 existing models to predict the bond strength of the FRP-to-masonry pull tests
given in the present test database (Table A-1, Appendix §A.2), based on the
experimental test-to-predicted bond strength ratio (Pex,/Pic). As can be observed in
Table 2-2(a), the generic model by Willis et al. (2009b) under-predicts the bond

strength on average by about /2 when both EB and NSM specimens are considered.
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Table 2-2: P.,/Pic ratios for existing models

(a) for all specimens (N=109)
Model mean max min SD COVv correlation

Willis et al. (2009b) 1.50 2.39 0.67 0.46 0.30 0.92

(b) for EB specimens only (N=89)

Model mean max min SD COov correlation
Kharbhari et al. (2006) 1.11 1.85 0.31 0.33 0.29 0.85
Lu et al. (2005) 1.20 1.85 0.79 0.29 0.24 0.89
Milani et al. (2009) 1.29 1.99 0.43 037 0.29 0.89
Maeda et al. (Chen &

Teng 2001) 1.33 2.28 0.36 0.40 0.30 0.83
Chen & Teng (2001) 1.49 2.29 0.53 0.40 0.27 0.89
Willis et al. (2009) 1.64 2.39 0.67 043 0.26 0.88
Yang et al. (Sayed-

Ahmed et al. 2009) 1.70 2.56 0.71 041 0.24 0.92
Camli and Binici

(2006) 1.84 3.81 0.50 0.77 0.42 0.84
Iso (Sayed-Ahmed

et al. 2009) 2.05 3.51 0.71 0.72 0.35 0.88
Monti et al. (2003) 2.10 4.23 0.88 0.90 0.43 0.93
Nebauer & Rostasy

(Sayed-Ahmed et al.

2009) 2.26 4.43 0.91 0.95 0.42 0.92
Sato (Sayed-Ahmed

et al. 2009) 2.34 4.96 0.18 1.28 0.55 0.71

Khalifa et al. (1998) 246 441 0.88 0.89 0.36 0.92

Hiroyuki & Wu (1997) 9.17 1776  3.54 3.73 0.41 0.74
Tanaka (Sayed-Ahmed

et al. 2009) 2.29 11.73  0.63 2.07 0.90 0.17
(c) for NSM specimens only (N=20)
Model mean max min SD COV correlation

Willis et al. (2009b)

Seracino et al.
(2007b) 1.41 3.20 0.64 0.57 041 0.26

1.15 1.92 0.74 0.33 0.29 0.57

Note: N is the number of specimens used to calibrate each of the models
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Table 2-2(b) indicates that eight of the fifteen existing models applicable specifically
for EB strips (Tanaka (from Sayed-Ahmed et al. 2009), Hiroyuki and Wu 1997,
Neubauer and Rostasy (from Sayed-Ahmed et al. 2009), Khalifa et al. 1998, Iso
(from Sayed-Ahmed et al. 2009), Sato (from Sayed-Ahmed et al. 2009), Monti et al.
2003 and Camli and Binici 2006) do not agree well with the experimental data,
having either a mean value greater than or equal to 2 or a COV greater than 35%. It
is worth noting that some of these models have also been identified by Chen and
Teng (2001) and Lu et al. (2005) as being poorly performing models for FRP-to-
concrete joints. Further, although the models by Chen and Teng (2001), Willis et al.
(2009b) and Yang et al. (from Sayed-Ahmed et al. 2009), have a COV within the
typical limit for masonry (i.e. 30%) and a relatively good correlation coefficient,

these models significantly underestimate the bond strength.

Based on the data analysed in this study, only four models (Maeda et al. (from Chen
and Teng 2001), Milani et al. 2009, Lu et al. 2005 and Kharbhari et al. 2006) out of
the fifteen models applicable for EB can be considered to provide reasonable
predictions of the debonding strength, having Pe,/Pic less than 1.35 (Table 2-2 (b)).
FromTable 2-2 (b) it can be observed that the models by Lu et al. (2005) and
Kharbhari et al. (2006) provide particularly good estimates of the bond strength when
compared to the other models. It is interesting to note that the generic model by
Willis et al. (2009b) correlates better with the NSM test data (Table 2-2(c)) than with
the EB test data (Table 2-2 (b)). Further, the NSM specific bond strength model by
Seracino et al. (2007b) is also not reliable, with a large coefficient of variation
(COV) and low correlation coefficient as shown in Table 2-2(c). From these results it
can be seen that the existing bond strength models are inadequate for predicting the
FRP-to-masonry joint test data considered in this study. This highlights the need for
development of a new model that can more accurately predict the bond strength of

FRP retrofitted masonry.
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2.5. Previous Experimental Research on Flexural Strengthening of

Masonry Walls

The review of previous research work conducted on FRP strengthened URM walls
subjected to out-of-plane loading is presented in this section. In the past, laboratory-
based and in-situ tests have been conducted on out-of-plane full scale or small scale
models of wall panels and wall segments. Although in-situ testing of walls in real
buildings provides more realistic boundary conditions, opportunities to do so are
limited and construction of full-scale structures is expensive. Hence, simplified
narrower wall panels tests are commonly used for realistic representation of the one-
way bending portion of a masonry wall supported on all four sides and so were also

adopted for this research.

Since 1997 researchers have been studying the use of the EB FRP technique to
improve the out-of-plane performance of URM walls (Saadatmanesh 1997;
Triantafillou 1998; Gilstrap and Dolan 1998; Ehsani et al. 1999; Velazquez-Dimas et
al. 2000; Hamoush et al. 2001; Albert et al. 2001; Hamilton and Dolan 2001;
Paquette 2001; Kuzik et al. 2003; Tumialan et al. 2003; Ghobarah and Galal 2004;
Tan and Patoary 2004; Xia and Oechlers 2006; Mosallam 2007; Hamed and
Rabinovitch 2007; Kiss et al. 2002, Vandergrift et al.2002 and Sayari et al. 2010).
More recently, research into the use of NSM FRP has emerged as a promising
strengthening technique for masonry walls. The experimental research on this
technique includes that by: Turco et al. 2003; Bajpai and Duthinh 2003; Galati et al.
2005; Korany and Drysdale 2006; De Lorenzis 2000; Willis et al. 2009a; and Dizhur
et al. 2010.

Out of the different modes of failure observed (§2.3) in these studies, debonding of
FRP laminate from masonry substrate has been considered as the preferred failure
mechanism (Schwegler et al. 1995; Velazquez-Dimas et al. 2000; Tumialan et al.
2003; Willis et al. 2009a). The ongoing research on FRP strengthened masonry walls
shows that the FRPs are highly effective in increasing the flexural capacity, stiffness,

and displacement ductility under out-of-plane loads. Past research has shown that
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FRP strengthened walls can sustain lateral load of the order of five to fifty times that
of the corresponding URM wall whereas deflections of about 1.2% to 5% of the wall

height has been observed for retrofitted walls.

Different studies on out-of-plane bending of FRP strengthened masonry (Albert et al.
2001; Turco et al. 2003; Xia and Oechlers 2006;) have shown that the load-deflection
response of strengthened walls can be characterized into two distinct phases: the first
nonlinear phase represents the stiffness contribution of the masonry i.e. the result of
the mortar reaching its tensile capacity and cracking while the second linear phase
represents the stiffness contribution from the FRP where the cracks get progressively
wider and the displacement at midspan increases until failure occurs when FRP
completely debonds from the masonry. Despite the absence of a long post-peak
plateau in the load- deflection response, FRP retrofitted walls can sustain large
displacements and absorb energy through elastic deformations under both monotonic
and cyclic loadings (Korany and Drysdale 2006). For example, the out-of-plane
displacement of the FRP strengthened walls at peak strength was found to be 10 to
20 times greater than for the corresponding URM walls (Korany and Drysdale 2006).

The overall performance of an FRP retrofitted wall is greatly affected by the type of
composite strip used. Based on four beam tests of URM masonry reinforced with EB
FRP plates, Xia and Oechlers (2006) observed that increasing the FRP stiffness lead
to higher ultimate load capacity and lower ductility. Velazquez-Dimas et al. (2000)
recommended that narrow FRP strips are subjected to higher shear and hence,
appropriate choice of composite strip and contact area is needed to avoid early
delamination. Korany and Drysdale (2004) suggested using CFRP, which has much
higher modulus of elasticity as the use of GFRP reinforcement resulted in much
lower load capacity and energy absorption. It was also concluded that GFRPs can
cause high deformability leading to a premature compression failure of the masonry
units before the strength of the reinforcement is fully utilized. However, due to its
lower costs, as compared with the other fibers, glass FRP is still widely used in many

buildings (Christensen et al. 1996)
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Previous research indicates that the design parameters that most strongly affect the
strength and deflection capacity of retrofitted masonry walls include: boundary
conditions; wall slenderness ratio (height-to-thickness); loading type; axial load,
spacing and aspect ratio of FRP, single or double sided reinforcement and
reinforcement ratio. The literature related to the parameters investigated in this study

is presented in the following sections (§2.5.1 - §2.5.4).

2.5.1. Effect of FRP strip spacing

From the perspective of effective use of FRP material, strip configuration (dimension
and spacing) should be such that it can efficiently utilize the tensile strength of the
FRP material. Consequently, optimal spacing and dimensioning of FRP strips can
enable FRP material costs to be minimized. The total amount of FRP used can be

kept constant for a variety of strip spacings by altering the strip size.

There appears to be no scientific evidence for the recommendations on maximum or
minimum spacing between two FRP strips or bars (Turco et al. 2003 and Tumialan et
al. 2003). In order to avoid partial collapse of the wall, Tumialan et al. (2003)
suggested that the maximum clear spacing should be set equal to the minimum of:
(2tm; [) where for block units: [ = /p, for brick units: 1 = 2/, tm is the thickness of the
wall being reinforced without including the wall veneer, if present, and /» is the

length of the masonry unit.

To date, a review of the studies shows that although different reinforcement spacings
have been used for strengthening masonry walls, there has been no consideration of
the effect of FRP strips/bars spacing on their flexural behavior. This research will
investigate the influence of strip spacing on the flexural behavior of retrofitted walls,

whilst maintaining a constant reinforcement ratio.

2.5.2. Effect of Cyclic loading

The cyclic flexural behavior of masonry walls reinforced with FRP has not been

extensively investigated. The few experimental studies in the literature include
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Ehsani et al. (1999), Velazquez-Dimas and Ehsani (2000), Albert et al. (2001), Kuzik
et al. (2003) and Korany and Drysdale (2006).

Ehsani et al. (1999) and Velazquez-Dimas and Ehsani (2000) tested half-scale
unreinforced brick walls retrofitted with vertical EB GFRP strips on both faces under
reverse cyclic out-of-plane loading. All walls were simply supported at the top and
bottom while the two vertical edges were unsupported. The test results showed a
significant increase in the ultimate flexural strength and deflection as compared to
the unreinforced wall. However, there was no comparison made between cyclic and

monotonic behavior of the reinforced wall.

Albert et al. (2001) tested ten full-scale simply supported URM walls plated with EB
FRP (glass and carbon) subjected to primarily monotonically increasing lateral out-
of-plane loads. To study the effect of cyclic loading, one wall was reinforced on one
side with carbon sheet and tested monotonically until fully cracked (MCST4), at
which point additional carbon sheet fibre reinforcement was placed on the opposite
side and the wall was tested again in the opposite direction with progressively
increasing amplitudes of load-unload cyclic loading (MCST7-4). As shown in Figure
2-8, cyclic loading resulted in reduced first phase stiffness after each cycle but the

original load-deflection envelope was maintained.
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Figure 2-8: Load-deflection response showing the effect of cyclic loading

(Albert et al. 2001)
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Kuzik et al. (2003) extended the work of Albert et al. (2001) to include the behavior
of eight full-scale lightly reinforced hollow concrete block masonry walls
strengthened with GFRP sheets under fully reversed out-of-plane cyclic loading
(Figure 2-9). The unloading/reloading paths for successive loading cycles were
similar, indicating little degradation. Moreover, a “pinched” load-displacement
response was observed which was similar to that of the monotonic loaded specimen
tested by Albert et al. 1998. The authors reported that the walls maintained their

structural integrity throughout the load versus deflection hysteretic responses.
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Figure 2-9: Typical load versus deflection hysteresis (Kuzik et al. 2003)

Five full-scale concrete masonry block walls with openings were tested by Ghobarah
and Galal (2004). Firstly, the unreinforced walls were tested under uniformly
distributed lateral pressure up to failure. These cracked walls were strengthened
using CFRP laminate strips and then were subjected to cyclic out-of-plane pressure
with hinged boundary conditions along the four edges of the wall. The strengthened
walls were found to dissipate significant energy compared to the non-ductile
behavior of the URM walls. From the study it was observed that, the permanent
plastic deformation at the end of each loading-unloading cycle ranged between 20—
30% of the maximum displacement reached. Upon reloading, a load reduction of

about 5% on average was observed at the same displacement increment.
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Korany and Drysdale (2006) investigated the effectiveness of the NSM carbon fiber
composite cable (CFCC) in strengthening masonry walls under out-of-plane loading.
Ten full scale clay brick wall panels were tested under monotonically increasing
uniform lateral pressure using an airbag and three unreinforced control wall panels
were also repaired with CFCC after initial testing and retested under unidirectional
cyclic lateral load. At higher displacement levels, it was found that the static curve

envelopes the cyclic test closely (Figure 2-10).
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Figure 2-10: Influence of cyclic loading on lateral load-displacement response

(Korany and Drysdale 2006)

After the loading-unloading cycles (Figure 2-10), only small permanent
displacements were generated which was attributed to the elastic response of the FRP
material. Furthermore, beyond the initial cracking point 10% load reduction was
observed between the first and second cycle for the same displacement increment.
The study concluded that cyclically loaded specimens had similar failure modes with
slightly reduced strengths as compared to the specimens subjects to monotonic
loading indicating that monotonic tests are suitable to evaluate the effectiveness of

FRP in strengthening masonry walls.

Although, some studies have investigated the effects of cyclic loading on retrofitted
masonry, only a few have focused on comparison of static and cyclic behavior under
different test parameters such as axial load and reinforcement ratio. Moreover, only

one study (Korany and Drysdale 2006) in the open literature has investigated the
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behavior of NSM retrofitted masonry under cyclic loading. The present study will
help to understand the behavior of clay brick masonry walls retrofitted with NSM
CFRP strips subjected to reverse cyclic loading under varying axial loads,

reinforcement ratios and spacings.

2.5.3. Effect of Axial loading

Gravity load-bearing masonry walls are subjected to applied axial loads from roof or
upper level structures in addition to the self-weight of the wall itself. Applied axial
loads are generally considered to strengthen and stiffen URM walls in their out-of-
plane direction. However, there has been little research into the effects of axial load

on FRP retrofitted members.

Albert et al. (2001) investigated the effects of moderate compressive axial load on
full-scale URM walls plated with EB CFRP subjected to monotonically increasing
lateral out-of-plane loads. The tests results showed that introduction of axial load
affect the overall stiffness. For example, the study found that as the axial load
introduces compression across the wall cross-section, debonding and cracking was
delayed resulting in an increase in the first phase stiffness. However, there was a
reduction in the second phase stiffness with increased axial loads. The study showed
reductions of 10% and 21% for axial loads of 10 kN (0.04 MPa) and 30 kN (0.13
MPa), respectively.

Korany and Drysdale (2006) investigated the effect of axial loading on both
unreinforced walls and masonry walls reinforced with NSM CFCC. For unreinforced
walls, it was concluded that the stabilizing effect due to axial load resulted in an
increase in both the cracking and residual strengths. Even higher cracking and
ultimate strengths were achieved for the retrofitted walls by applying an axial load of
150 kN (0.28 MPa). The increase in the out-of-plane flexural strength due to pre-
compression was comparable to the effect of increasing the reinforcement by 50%.
This research also found that the displacement capacities at failure were lower for

axial loaded walls.

30



Chapter 2 — Literature Review

The current literature provides no indication as to how axial load will affect the
behaviour of NSM FRP-masonry. The effect of pre-compression on cyclic loaded
walls also needs to be investigated. Therefore, this research also focused on how
variations in axial loading affect the global load-displacement behavior of NSM FRP

plated masonry walls under monotonic and cyclic lateral loading.

2.5.4. Effect of reinforcement ratio

The amount of reinforcement is an important factor in determining the FRP
debonding strain and hence, is a key variable in the prediction of the flexural
capacity of the debonding failure (Xia and Oehlers 2006). The flexural capacity of
FRP strengthened masonry subject to out-of-plane loads is dependent on the failure
mode which can be determined by comparing the FRP reinforcement ratio (p) to the
balanced reinforcement ratio (pp). The balanced reinforcement ratio represents the
case of simultaneous crushing of masonry and IC debonding or tensile rupture of the
FRP (Galati et al. 2005). Researchers have reported that p>p; will result in masonry
crushing which is undesirable due to its brittle nature. However, in order to allow for

the more ductile IC debonding failure, reinforcement ratio is a vital parameter.

Triantafillou (1998) tested four small-scale masonry wall specimens strengthened
with EB CFRP laminates under one-way monotonic out-of-plane loading. Two
specimens were tested for each of the two different reinforcement ratios used (0.21%
and 0.42%). The test results showed that doubling the reinforcement ratio resulted in

a 21% increase (on average) in strength.

Velazquez-Dimas and Ehsani (2000) tested seven half-scale EB GFRP retrofitted
brick masonry walls under cyclic out-of-plane loading with the reinforcement ratio
ranging from 0.6 to three times the balanced condition, p; The study concluded that
for the short walls (slenderness ratio, H/t,;=14) no particular trend was observed
between the deflection and reinforcement ratio. However, for the slender walls
(H/t,=28), deflection increased with the reinforcement ratio. Further, the test results
indicated that for all stages of loading (i.e., cracking, delamination, and ultimate),

load increased linearly with the amount of reinforcement up to 2p,. To avoid very
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stiff behavior and improve the hysteretic response, it was recommended to limit the

reinforcement ratio to 2py.

Based on an experimental study on full-scale URM walls plated with EB FRP, Albert
et al. (2001) concluded that the overall stiffness of a specimen was affected by the
type and amount of FRP used. The test results showed that the slope of the second
phase of the load-deflection response increased in proportion to the amount of
reinforcement used. A study by Kuzik et al. (2003) on full-scale GFRP strengthened
masonry walls concluded that varying the amount of GFRP sheets significantly
affected the behavior of the walls. From the test results it was observed that the
GFRP reinforcement governed the linear response of the bending moment-centerline
deflection response. An increase or decrease in both the wall stiffness and its
ultimate strength was controlled by an increase or decrease in the amount of GFRP

reinforcement, respectively.

Tumialan et al. (2003) tested concrete and clay masonry walls retrofitted with
different amounts of EB FRP laminates (0.04% to 0.19%). The study reported that
large amounts of reinforcement (> 0.14% for clay masonry) resulted in shear failure
of walls whereas for other lesser reinforcement ratios, walls failed by FRP rupture or
debonding. It was also concluded that the crack widths were thinner as the amount of
FRP reinforcement increased. Moreover, the test results showed that an increase in
FRP reinforcement ratio increased the flexural capacity of walls, up to a limiting
ratio, beyond which the member will become over-reinforced and the desired IC

debonding mechanism will no longer govern.

Past studies have shown that reinforcement ratio not only affects the global load-
displacement behavior but also the failure mode and hence, is a vital parameter in
investigation of flexural behavior of masonry wall. It should be noted that past
research has focused on EB FRP therefore, the effect of reinforcement ratio on NSM
FRP strengthened masonry walls still needs to be investigated. One of the objectives
of this research is to study how different reinforcement ratios influence the overall
response of a masonry wall under out-of-plane loading while keeping the other test

parameters such as spacing, axial load and loading type constant.
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2.6. Research gaps

Experimental test results reported in the literature have demonstrated the
effectiveness of FRP in improving the flexural out-of-plane response of URM walls.
Whilst the application of NSM FRP strips appears to be a particularly viable
retrofitting technique, limited research has been conducted on the application of this
retrofitting technique to masonry structures. Further, the effect of out-of-plane cyclic
loading on the load-deformation behaviour of FRP retrofitted masonry members also
warrants more attention. In addition, limited testing has been conducted to study the
effects of spacing between FRP strips, cyclic loading, applied pre-compression and
reinforcement ratio on the flexural response of NSM FRP retrofitted masonry walls.
As a result, there is a significant need for more experimental investigations on NSM
FRP retrofitted masonry walls before it can be confidently used for seismic retrofit of

URM walls.

Furthermore, it can be noted that a significant amount of data is available in the
literature on the experimental and theoretical studies on the bond between FRP and
concrete. While mathematical models and design equations related to the bond
mechanisms, the bond strength, the interfacial fracture energy, the effective bond
length and the bond stress-slip relationship are well established for FRP-concrete
materials, understanding of the bond at the FRP-to-masonry interface is still
relatively limited. Moreover, from the review of the large database presented in this
study, it was revealed that of the 223 FRP-to-masonry pull tests available in the open
literature, NSM tests account for only about 25% of the total. Furthermore,
considering the limited available database and variability of available results due to
different test set-up and material properties, different specimens geometry and test

procedures, further experimental research is required.

Finally to better understand bond at the FRP-to-masonry interface there is a need for
numerical investigations into the local shear bond-slip. Therefore, analytical models
should be developed to predict the global load-slip response of FRP-to-masonry pull
tests. To do this further development of explicit relationships for the bond-slip
parameters for FRP-to-masonry (Aiello et al. 2007; Willis et al. 2009b) are needed.
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From the current literature, only a few theoretical models are available for masonry
to predict the debonding resistance of FRP-to-masonry joints. Importantly, as seen in
§2.4.2 the existing bond strength models are inadequate for predicting the FRP-to-
masonry joint test data considered in this study. Numerical investigations carried out
by Milani (2010) and Milani and Bucchi (2010) on reinforced masonry walls and
curved structures, respectively, suggest that application of existing FRP-to-concrete
models to masonry is questionable. This further highlights the need for development
of new model that can more accurately predict the bond strength of FRP retrofitted

masonry and its application to complex realistic geometries.
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CHAPTER 3
PULL TESTS EXPERIMENTAL STUDY

3.1. Introduction

This chapter presents the results of an experimental investigation of the behaviour of
FRP-to-masonry joints. Fourteen NSM FRP-to-masonry pull tests were conducted to
assess the effect of cyclic loading and FRP strip dimensions on FRP-to-masonry
bonded joints. As mentioned in §2.4, limited research (33 tests) has been conducted
on NSM FRP-to-masonry pull tests. Hence, these 14 tests add significantly to the
relatively small existing NSM pull test database. §3.2 to §3.4 cover the description of
the specimens, the material properties and the test setup. The chapter concludes with
a discussion of the failure mode, FRP-masonry interface behavior, and the effects of

cyclic loading and strip dimensions on bond behavior.

3.2. Test Plan

Fourteen NSM CFRP-to-masonry pull tests were conducted. Five different strip
dimensions were used for the pull tests. These were chosen to match the strip
dimensions used in the wall bending tests (discussed later in Chapter 5). Table 3-1
shows the details of the pull tests. The specimens were labeled using the notation
shown in Table 3-1. The first term refers to the loading type (monotonic or cyclic);
the second term denotes whether strain gauges were attached along the bonded
length (NSG stands for no strain gauges and SG stands for strain gauges); the third
and the fourth terms refer to the thickness, 7, and depth, b, of the NSM FRP strip
(Figure 2-7), respectively and the last term signifies the test number for cases where
more than one specimen was tested with the same FRP strip configuration. The FRP
strips were made up of multiple layers of 1.2 mm or 1.4 mm thick carbon FRP strips.
As shown in Table 3-1, only P5 and P6 were subjected to cyclic loading while all the

remaining specimens were monotonically loaded.
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Table 3-1: Pull test plan

Test no. Specimen notation t, (mm) b, (mm)
P1 M-SG-3.6-10-1 3.6 10.0
P2 M-SG-3.6-10-2 3.6 10.0
P3 M-SG-3.6-10-3 3.6 10.0
P4 M-SG-3.6-10-4 3.6 10.0
P5 C-SG-3.6-10-5 3.6 10.0
P6 C-SG-3.6-10-6 3.6 10.0
P7 M-NSG-4.2-10-1 4.2 10.0
P8 M-NSG-4.2-10-2 4.2 10.0
P9 M-NSG-7.2-10-1 7.2 10.0
P10 M-NSG-7.2-10-2 7.2 10.0
P11 M-NSG-4.8-7.5-1 4.8 7.5
P12 M-NSG-4.8-7.5-2 4.8 7.5
P13 M-NSG-4.8-5-1 4.8 5.0
P14 M-NSG-4.8-5-2 4.8 5.0

3.3. Material properties

The material properties for the masonry and CFRP strips are given in Table 3-2.
These material properties are applicable for both the pull tests and the wall tests
(discussed later in Chapter 5). Clay brick units with nominal dimensions of 230 x
110 x 76 mm were used. Masonry properties were determined based on material tests
conducted in accordance with Standards Australia (2001). The mortar consisted of
Portland cement, hydrated lime and sand in a ratio of 1:1:6 by volume. Material
properties of the CFRP were obtained from the manufacturer’s data sheet with the
elastic modulus verified directly from pull test data. Details of the material tests have

been included in Appendix §B.2.
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Table 3-2: Material properties

Parameter Mean Stal?dz!rd Cov
Deviation

Masonry Properties (MPa) (MPa)

Flexural tenglle strength of the masonry, fi 0.48 0.13 0.27

(70 test specimens)

Compresswe? strength of the masonry, fi 17 795 0.17

(21 test specimens)

Lateral modglus of rupture of the brick unit, fy 313 0.84 0.27

(19 test specimens)

Elastic modulus of masonry, E

(21 test specimens) 10700 2400 0.22

FElastic modqlus of brick, Ey 19500 3700 0.19

(21 test specimens)

Elastic modglus of mortar, E, 2300 370 0.38

(21 test specimens)

CFRP Properties

Elastic modulus of FRP strip, E, 165x10° MPa

Ultimate tensile strength, frp 2700 MPa

Ultimate tensile strain, €y 0.0164

Adhesive Properties

Tensile strength, f, 13.9 MPa

Elastic modulus, E, 6700 MPa

Poisson’s ratio, v 0.31

3.4. Specimen preparation and Test setup

Figure 3-1 shows details of the pull test specimen and test setup. Each pull test prism
consisted of a five brick stack, with 10 mm mortar bed joints and an FRP-to-masonry
bonded length of 420 mm to ensure full the effective bond was developed. The
effective bond length (L) is the minimum bonded length required to achieve the
maximum possible debonding load, P;c For detailed calculations refer to Appendix
§C.1. To ensure IC debonding as the failure mode the specimens were designed
against failure by FRP rupture (Appendix §C.1). The groove for the NSM strip was
cut using a diamond blade saw and then filled with an epoxy adhesive after blowing
the brick dust out with a high pressure air hose. The strip was cleaned with acetone to

remove any foreign substances before being inserted into to the epoxy-filled groove
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and allowed to cure for 7 days. The FRP strip was positioned flush with the masonry
surface as shown in Figure 3-1(b) for all specimens. A layer of quick drying paste
was applied to the top and bottom surfaces of the masonry prism to ensure that the
load was transferred evenly using a manually controlled hydraulic ram. A solid steel
plate with a small gap for the FRP to pass through was placed onto the top surface
(loaded end) of the specimen. This restraining plate was used to apply

approximately 1kN of pre-compression to settle the specimen at the early stages of

loading.
. 230mm
T Load, P FRP Stl‘lp < -
b I I | IIIOmm
: —1) v
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Figure 3-1: Pull test specimen details

Once the specimen was in place, a monotonic tensile load was applied using an
Avery testing machine at a constant rate of approximately 2.5 kN per minute until
failure, with 0.5 mm per minute as an upper bound for the displacement loading rate.
For cyclic loading, one cycle of load consisted of increasing the load monotonically

until the target load (displacement) was reached, then reducing the load to “zero” and
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then reloading. Thus, the NSM strips of FRP were only loaded in tension. Each
cyclic specimen was subjected to three cycles of load for each target displacement.
Each test specimen had two strain gauges glued on the FRP strips at a position 25
mm away from the top brick unit at the loaded end to help align the FRP strip during
testing and to confirm the manufacturer’s value for the modulus of elasticity of the
FRP. Six of the specimens were also strain gauged along the bonded length of the
strip. These strain gauges were located 20 mm from the top and bottom edges of
each brick unit to measure the strain profile along the FRP strip, as shown in Figure
3-1(c). The FRP strips were made up of multiple layers of 1.2 mm or 1.4 mm thick
carbon FRP strips with the strain gauges sandwiched between the strips to minimize
the negative effect that the presence of the strain gauges could have on the brick-FRP
bond (Willis et al. 2009b). Two linear variable differential transformers (LVDT)
placed at the top of the masonry prism measured the global slip (A) of the FRP strip
at the loaded end.

3.5. Discussion of test results

The pull tests results are summarised in Table 3-3, where P, refers to the maximum

experimental load and Ay« refers to the maximum slip at the loaded end (i.e. slip at

failure).
Table 3-3: Summary of pull test results

Test Specimen No Pexp Pexp, Group avg  Apay E,
no. (kN) (kN) (mm) (GPa)
P1 M-SG-3.6-10-1 64.8 2.15 168
P2 M-SG-3.6-10-2 70.0 65.0 3.00 165
P3 M-SG-3.6-10-3 61.0 3.00 168
P4 M-SG-3.6-10-4 64.0 2.20 162
P5 C-SG-3.6-10-5 58.8 2.56 152
P6 C-SG-3.6-10-6 59.0 589 2.69 152
P7 M-NSG-4.2-10-1 59.0 2.20 169
P8 M-NSG-4.2-10-2 53.3 562 2.80 166
P9 M-NSG-7.2-10-1 59.0 2.30 162
P10 M-NSG-7.2-10-2 75.3 67.2 2.44 164
P11 M-NSG-4.8-7.5-1 60.5 3.49 163
P12 M-NSG-4.8-7.5-2  58.3 394 3.43 163
P13 M-NSG-4.8-5-1 41.0 } 4.8 2.36 163
P14 M-NSG-4.8-5-2 48.5 ' 3.02 160
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3.5.1. Failure mode

All specimens failed by IC debonding, which is characterised by the formation of
wedges (‘herringbone cracks’) at the face of the prism along the bonded length
(Figure 3-2(a)). The propagation of diagonal cracks in the masonry commenced
from the loaded end and propagated to the unloaded end, indicating a gradual
redistribution of the shear bond stress along the strip at the FRP-to-masonry
interface. From the results it can be noted that the development of the crack pattern
and debonding failure plane were similar to those seen in FRP-to-concrete pull tests,
confirming the similarity between the load transfer mechanism of FRP-to-masonry

joints and FRP bonded to concrete.

"}
Loaded end

Thin masonry
layer attached to
FREP strip

Unloaded end

(a) Failed specimen (b) Debonded strip

Figure 3-2: Debonding failure in pull test specimen

The load-slip (P-A) response at the loaded end is shown in Figure 3-3 for the four
monotonically loaded specimens that contained 3.6x10 mm NSM strip (test
specimens P1 to P4). For all four specimens, progressive damage in the FRP-to-
masonry joints was indicated through reduced stiffness of the load-slip response with
increasing load. Prior to failure, significant diagonal cracking had occurred in the

masonry (Figure 3-2(a)) (step-wise through each brick unit, interrupted by the mortar
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bed joints), demonstrating significant stress transfer into the masonry substrate and
‘good’ bond at the FRP-to-masonry interface. It should be noted that all the
specimens were tested until failure. As the load dropped almost immediately to near
zero after failure, the descending branch was not included in the experimental plots

(Figure 3-3 - Figure 3-6).
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Figure 3-3: Load-slip response for monotonic specimens (P1 — P4) with 3.6 mm

wide FRP strip

The ultimate failure plane was mostly within the masonry, near the masonry-to-
adhesive interface as evidenced by a very thin layer of masonry being detached from
the masonry prism as shown in Figure 3-2(b). This observation suggests that the
bonding characteristics of FRP-to-masonry are closely related to the tensile strength
of the masonry unit (fy;) and are consistent with the findings reported by Seracino et
al. (2007) for NSM FRP-concrete bond pull tests. From Figure 3-3 it is evident that
there was reasonable consistency between the overall behaviour of these four pull

test specimens.

3.5.2. Effect of cyclic loading

Figure 3-4 shows the effect of cyclic loading on load-slip behavior of FRP retrofitted
masonry. The global load-slip (P-A) response of the two specimens subjected to

cyclic loading (P5 and P6) (Figure 3-4) closely trace the average P-A curve for the
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four monotonically loaded specimens (P1 — P4) shown previously in Figure 3-3.
This observation suggests that cyclic loading does not significantly affect the overall
behaviour of the FRP-to-masonry bond. The small reduction in strength that was
observed after each loading-unloading cycle indicates that strength degradation of
the bond was cumulative. Similar behaviour was observed in a study by
Konthesingha et al. (2009). However, it was noted that these relatively small
differences in strength and deformation capacity for the pull test specimens could
also be due simply to material variability (30% is typical for masonry tests, e.g.,

Drysdale et al. 1994).
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Figure 3-4: Effect of cyclic loading on load-slip response

3.5.3. Effect of FRP strip dimensions

As seen in Table 3-3 and Figure 3-5, no significant improvement in load-slip
behaviour was observed when the thickness of the FRP strip, t,, was varied from 3.6
mm to 7.2 mm (Specimen P7 —P10 and mean of P1 - P4). This was not too
surprising since the “total bonded circumference/area” of the three configurations did
not differ significantly. In contrast, increasing the depth of the FRP strip, (bp)
(measured into the masonry), was found to be effective in enhancing the debonding
load (Pexp) (Figure 3-6). Considering the average value of Py, (Table 3-3), increasing

the depth from 5 mm to 7.5 mm resulted in about a 33% increase in the maximum
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load (Figure 3-6). Most of this strength increase can be attributed simply to the 27%
increase in the perimeter of the debonding failure plane, L, for specimens with a
7.5 mm deep strip (Lper = (4.8+2) mm + 2 x (7.5+1) mm = 23.8 mm) compared to
specimens with a 5 mm deep strip (Lyer = (4.8+2) mm + 2 x (5+1) mm = 18.8 mm).
The remainder of the strength increase is probably due to more efficient confinement

of the surrounding masonry for the deeper cut needed for the 7.5 mm strip.
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Figure 3-5: Effect of width of FRP strip on load-slip response
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Figure 3-6: Effect of depth of FRP strip on load-slip response
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3.5.4. Interface Behaviour

All six pull test specimens (Tests P1 — P6) showed similar trends in their strain and
shear stress distribution . Hence, in this section the interface behavior is discussed in
detail for only one specimen (P1). Results for the other 5 specimens (Tests P2 —P6)
are included in the Appendix §C.2.

Axial strain distribution

A typical example of the axial strain distribution along an FRP strip with increasing
load is shown in Figure 3-7 for specimen M-SG-3.6-10-1 (P1). The strain at the
loaded end increased with increasing levels of applied load and eventually began to

plateau out to a value of about 10,500 pe at the maximum load P.,, of 64.8 kN.
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Figure 3-7: Typical FRP strain distribution (Specimen P1)

The strain plateau represents debonding at that point of the FRP strip, as there is no
further significant change in strain, indicating little transfer of shear across the FRP-
to-masonry interface. The position along the bonded length where the strain has
reduced to near zero corresponds to the location at which the applied load has been
entirely transferred from the FRP to the masonry through interface bond. This
behaviour is evident in Figure 3-7 for loads up to 60 kN. At a load of 64.8 kN, it is
evident that the strain is no longer zero at the last gauge and therefore, the force had

not been fully transferred to the masonry over the bonded length between this point
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and the loaded end, i.e. the debonding crack had propagated along the entire length
of the FRP strip. At this point, the FRP could not resist any more load and shortly

afterwards the specimen failed.

Shear stress distribution

Figure 3-8 shows the shear stress distribution for Test No.P1 (typical of all tests P1 -
P6) along the bonded length for increasing load. The strain gauge data was used to
study the force transfer mechanism from the FRP to the masonry through the shear

bond stress acting at the FRP-masonry interface, for all the specimens with strain

gauges, using Eq. 3-1.

(A)E bt Eq. 3-1

r = p°p'p
avg
(AL)2b, +1,)
where, 7,,, = average shear stress over the length AL; Ae = change in strain over

length AL; E, = modulus of elasticity of the FRP strip; b, = depth of strip; t, =
thickness of strip; and AL = incremental length along the FRP (equal to strain gauge

spacing).
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Figure 3-8: Typical interface shear-stress distribution (Specimen P1)
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The shear stress at the loaded end initially increases with applied load until the
maximum local bond shear stress is reached when the load is 40 kN. After this point
there is a reduction in the magnitude of the shear stress as micro-cracking develops at
the loaded end and begins to propagate along the FRP strip towards the unloaded end
(Figure 3-8). With further loading, the location of the maximum shear stress shifts
away from the loaded end, to the right in this case, as observed in FRP-to-concrete
pull tests (Seracino et al. 2007a). The shear stress distribution also provides an
experimental indication of the effective bond length, L.g (Figure 3-8) which is the
length of bonded FRP required to develop the maximum IC debonding load (Pyc).
The effective bond length ranged between 250 mm to 300 mm for all the specimens

in this study.
Local Bond-slip behaviour

As mentioned in §3.4, six specimens (Tests P1 — P6) were strain gauged along the
FRP strip. Figure 3-9 shows the local bond-slip response at various strain gage
locations (measured from the loaded end).The differences between the local bond-
slip response (Figure 3-9) for the six specimens was most likely due to: (1) the
varying spacing between strain gauges, (2) the location of cracking relative to the
strain gauges, and/or (3) the variation in the tensile strength of the bricks (fy). As
shown in Figure 3-9, the load transfer mechanism at the FRP-to-masonry interface is
similar to that of FRP-to-concrete (Seracino et al. 2007a) and can be represented in
three stages, i.e. elastic, micro-cracking (softening) and macro-cracking (debonding).
In the elastic stage, the shear-stress in the FRP-to-masonry interface increases until
the peak shear stress, 7,,, 1S reached at local slip ;. This elastic stage is followed by
a softening region as micro-cracking develops and the shear stress decreases to zero
at a slip of d,,,» beyond which macro-cracking occurs and the debonding interface is
no longer capable of transferring force. An idealized bilinear model was fitted to the
experimental data as shown by the dashed line in Figure 3-9. For the bilinear model,
the peak shear stress, 7,,. and corresponding slip, J; were averaged from the
experimental bond-slip curves whereas d,,,, was back calculated using Eq. 2.1 with
Pic equal to the maximum experimental load, P..,.The experimental values of the

local bond-slip parameters (Tyqy, Omar and oy for these specimens are summarised and
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listed in Table 3-4 where 7, is the maximum interfacial shear stress; J,. 1S the
maximum interfacial slip and &, refers to the slip corresponding to the maximum

load.
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Figure 3-9: Local bond-slip relationship (Specimen P1)

Table 3-4: Bond-slip parameters for pull test

Specimen No Tmax Omax 01
(MPa) (mm) (mm)

M-SG-3.6-10-1 14.92 1.72 0.36
M-SG-3.6-10-2 15.16 1.97 0.43
M-SG-3.6-10-3 14.69 1.54 0.32
M-SG-3.6-10-4 14.53 1.70 0.55
C-SG-3.6-10-5 13.83 1.52 0.37
C-SG-3.6-10-6 14.98 1.42 0.45

3.6. Summary and closing remarks

Fourteen NSM FRP-to-masonry pull tests were conducted to assess the effect of
cyclic loading and FRP strip dimensions on FRP-to-masonry joint behaviour. All
specimens failed by “IC” debonding. The pull test results indicated that increasing

the depth, b, of the NSM FRP strips (measured perpendicular to the face of the
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masonry) was more effective at enhancing the debonding resistance of a FRP-to-
masonry joint than was increasing the thickness, t, of the FRP strip because of the
more substantial increase in Ly for specimens with a deeper strip as well as more
efficient confinement provided by the surrounding masonry. From the two cyclic

tests conducted, it appears that cyclic loading has only a minor effect on the bond.

48



CHAPTER 4
PULL TESTS NUMERICAL STUDY

4.1. Introduction

This Chapter presents the results of a numerical investigation into the local bond
behaviour at the FRP-masonry interface. First, a new analytical model is derived to
give a lower bound prediction of the IC debonding resistance of FRP-to-masonry
joints from a large database of FRP retrofitted masonry pull test conducted by
various researchers over the past 10 years. Next, empirical expressions are
developed for the key local bond-slip parameters such as peak interface shear-stress,
Tmar @and maximum local slip, d,.x. The new model is then compared with fifteen

existing theoretical bond strength models reported in the open literature.

Two analytical procedures, namely a new generic numerical procedure and a closed-
form mathematical solution, are developed to predict the global load-slip (P-4)
response of FRP-to-masonry pull tests using empirical expressions for the local
bond-slip parameters developed in the first part of this chapter. The analytical results
from both models have been validated against the test data. The chapter concludes
with recommendations regarding the influence of the heterogeneous nature of
masonry and the effect of the bond-slip parameters on the global load-slip response

of FRP-to-masonry pull tests.

4.2. Empirical model

From the assessment of the existing bond strength models presented in §2.4.2, it was
seen that there is a need for a new model to accurately predict the bond strength of
FRP-to-masonry joints. The generic model of Seracino et al. (2007b) for defining Pic

was considered as the starting point for development of a new model. Seracino et
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al.’s (2007b) model for concrete is a function of the cylinder compressive strength,
f., which was originally incorporated to represent the principal tensile stress that
resulted in the interface debonding cracks. The corresponding material property for
masonry is the flexural tensile strength of the masonry unit, f;; which is a value used

widely in design and so is readily available for use in an expression of Pjc.

It is known that the debonding strain is higher for a NSM strip than for an EB strip
due to its large bonded surface area and better confinement. Therefore, to account
for the type of retrofitting technique (i.e. EB or NSM) it was assumed that 7,,,0max,
which is twice the fracture energy, Gr (area under the local bond-slip curve), is a
function of the geometric property, ¢, of the FRP strip (defined earlier in §2.4.2).
Since the debonding cracks are initiated within the masonry, 7,,0m. Was assumed to
also be a function of the tensile strength of the masonry, f,; (Seracino et al. 2007b).

Hence, the following expression can be written:

Tmax5max = Cgo;” fu’Z Eq 4-1
4.2.1. New Generic Model

In order to derive values for C, m and n in Eq. 4-1, a value of 7,,4:0,..x Was calculated
for each test specimen in the pull-test database by substituting P, into Eq. 2-1 and
solving for 7, 0max. A statistical analysis was then undertaken to determine optimal
values for the constants C, m and n using the data for 109 specimens from the
database (Table A-1, Appendix §A.2) and the 14 new pull test results (Table 3-3).
The parameters C and m were determined from linear regression, with n varied
incrementally until the lowest coefficient of variation was identified, as shown in

Figure 4-1.

Eq. 4-2 was obtained from this process and is represented graphically in Figure 4-2.
The data points clustered on the left end of the graph are results for EB test

specimens and those on the right end are for NSM test results.

(Tmax 5max )Generic' = 3 '94¢?-38f094 Eq 4_2

ut
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By substituting Eq. 4.2 into Eq. 2-1, a generic expression was derived for the IC
debonding resistance, Pic, given by Eq. 4-3 in terms of the conventional design

parameters, f;, for masonry and the other standard parameters for an FRP section.

(PIC )Generic = 1'99(0?-‘19fu(t)‘47 A/ Lper (EA)P Eq 4'3

Cov
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Figure 4-1: Determining exponent of f,; (n) by comparison with COV
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Figure 4-2: Statistical analysis for key bond-slip parameters

The predictions of the new generic model Eq. 4-3 compared with the 123 test results
of the present database (Table 3-3 and Table A-1) are shown in Figure 4-3. A value

greater than one for the test-to predicted bond strength ratio (Peyp/Pic) (i.e. above the
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line in Figure 4-3) signifies a conservative (under-) estimate of bond strength. As
shown in Table 4-1(a), the experimental and the predicted bond strengths agreed
reasonably well with mean, COV, and linear regression correlation coefficient of the

test-to-predicted strength ratios being 1.036, 25.6% and 0.922, respectively.
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Figure 4-3: Comparison of P.,, and Pic using new generic model

Table 4-1: Bond strength ratios 7, , /P, for new models

Model Mean Median Max Min SD COV Correlation

a) All specimens (N =123)

New Generic

(Eq. 4-3) 1.04 1.03 1.63 0.38 0.27 0.26 0.92
(b) EB Specimens only (N = 89)

New EB

specific (Eq.

4-5) 1.03 1.01 1.54 0.57 025 0.24 0.88
New Generic

(Eq. 4-3) 1.03 1.05 1.56 0.38 027 0.27 0.88
(c¢) NSM Specimens only (N = 34)

New NSM

specific (Eq.

4-7) 1.01 1.01 1.27 0.67 0.14 0.13 0.73

New Generic
(Eq. 4-3) 1.02 0.98 1.63 0.73 023 0.23 0.61

Note: N is the number of specimens used to calibrate each of the models
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Although Eq. 4-2 is valid for both EB and NSM pull tests, it was considered
important to further investigate the EB and NSM specimens separately to identify the
sensitivity of the new generic Pic expression (Eq. 4-3) to consideration of the
database in subsets, and whether further improvements of the new generic model

could be achieved.

4.2.2. New EB Specific Model

When considering a model specific to EB FRP strips, 89 tests results were available
out of the total of 109 tests listed in Table A-1. This subset of the data was used to
determine 7,,,0mar giving Eq. 4-4 for calculating the bond strength of EB FRP strips
in masonry. The same method used for generic equation was applied to calibrate the
constants C, m and n (Eq. 4.4) for 89 EB test results giving Eq. 4-4 and Eq. 4-5. The
statistics of the Pe,,/Pic ratios for the EB specific model is given in Table 4-1(b).

(Tmaxé‘max )EB = 18740¢i69fult80 Eq 4-4
(BC )EB = 13 '69¢(f)'84fu(l)'90 V Lper (EA)p Eq 4_5

The correlation coefficient for the EB model is 0.88 and the mean value is close to
one (Table 4-1(b)), which demonstrates that the ‘EB specific’ bond strength model
predicts the trends of the test data reasonably well. Further, it was noted that the
values of the constants C, m and n in the new generic expression (Eq. 4-3) and the
EB expression (Eq. 4-5) are significantly different in spite of the commonly assumed
form for the relationship between fracture energy and aspect ratio and masonry unit
tensile strength. Moreover, when the new generic model (Eq. 4.6) was used to
predict the bond strength for only EB specimens from the database, the correlation
coefficient was only slightly lower and the COV was only slightly higher than for the
‘EB specific’ model as shown in Table 4-1(b). Hence, while the EB specific model
provides reasonable estimate of the bond strength, it does not appear to be any more

accurate or reliable than the new generic model.
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4.2.3. New NSM specific model

In a similar fashion, the 34 NSM specimens from the database (Table 3-3 and Table
A-1) were used to calibrate the constants C, m and n in Eq. 4-1 in order to define a
bond strength model specific to the NSM technique. The final expression is given by
Eq. 4-7.

(Tmaxé‘max)NSM = 6'94(0;0'24f10'94 Eq 4_6

(PIC )NSM = 2'63¢;0'12 fu(t)'47 V Lper (EA)p Eq 4-7

From Table 4-1(c) it can be observed that the average value of the Pe,,/Pic ratio for
the NSM model (Eq. 4-7) is close to one and the COV is about 0.133. Further, by
comparing the generic (Eq. 4-3), EB (Eq. 4-5) and NSM (Eq. 4-7) models it can be
noted that the constants C, m and n were significantly different for each model,
possibly reflecting the difference between the EB and NSM applications. It is
interesting to note that there is a negative (-) exponent on ¢r in Eq. 4-6 and Eq. 4-7.
This exponent is small in magnitude which possibly implies that the FRP strip aspect
ratio does not strongly affect the bond performance. Due to the relatively small size
of the data set available (N = 34), there seems to be scope for further improvements
in Eq. 4-6 and Eq. 4-7 as the NSM bond tests data set increases. Moreover, the
results for the new generic model, when applied to only NSM specimens, were only
slightly less accurate than those obtained using the ‘NSM specific’ model’ (Table
4-1(c)). Given the versatility of the new generic expression over the NSM specific

expression, the new generic expression is preferred.

4.2.4. New local bond-slip model

The parameters, 7,4, and J,,.,, from the pull test data are the principal parameters for
the numerical investigation of FRP strengthened structures and are needed to
calculate the critical bond length, Les (Eq. 2-2). Hence, the statistical analysis was
extended to determine an empirical expression for z,,, Reported values of z,,, (for
20 tests) were plotted against ¢, and the data was analysed using power regression.

The resulting expression for z,,, is given by Eq. 4-8 and is graphically represented in
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Figure 4-4. There is good agreement between the experimental and the predicted
values of 7,,, with mean of 1.01 and a correlation coefficient of 0.89. Note, that 7,,,
and 0,4, are functions of both the masonry unit tensile strength and the aspect ratio of
the FRP strip. This conclusion differs from that reported by Seracino et al. (2007b)
for concrete where J,,,, was expressed as a function of the aspect ratio only. It should
be noted that the above expressions for 7, (Eq. 4-8) and 0,4 (Eq. 4-9) are based on
a relatively small data set (N = 20) so that in spite of the good statistical correlation
of the regressed curve in Figure 4-4, there is potential for alternate expressions and

further improvements as the data set increases.
T = 883077 192 Eq. 4-8
Eq. 4-2 can then be divided by Eq. 4-8 to generate the following expression for o,

Sax = 0.450% £, Eq. 4-9
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Figure 4-4: Statistical analysis for Tpyax

4.2.5. Comparison of existing bond strength models and new generic model

In this section, predictions by the existing bond strength models (§2.4.2) and the new
models developed in this study (§4.2.1 to §4.2.3) were compared. Figure 4-5
compares the model by Willis et al. (2009b) with the new generic model (Eq. 4-3),
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considering results from both NSM and EB specimens given in the complete test
database of 123 specimens. It is clear that the new generic model is more accurate
than the model by Willis et al. (2009b) suggesting that equations developed for
concrete (e.g. Eq. 2 1) cannot be applied directly to masonry by simply substituting

f’. with the corresponding tensile masonry strength (fi).
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Figure 4-5: Effectiveness of bond strength models for all specimens

For the EB specimens the new generic model gives better estimates of the bond
strength, with a mean value for the P..,/Pic ratio being close to unity and a COV
value of approximately 25% (Table 4-1(b)). From Figure 4-6 it can be seen that the
new generic model (Figure 4-6(b)) is more accurate as compared to the four best
performing existing models (Figure 4-6(c-f)) mentioned previously. While the
model by Lu et al. (2005) gives results that are close to the new generic model, the
new generic model is chosen due to its simple form. Figure 4-7 gives similar
comparisons between the new generic model (Figure 4-7(b)) and pre-existing
expressions (Figure 4-7(c and d)) applicable to NSM specimens. It was concluded
that the new generic model is more accurate than the existing models with reasonably

low COV values (of about 25%).
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Figure 4-7: Effectiveness of bond strength models for NSM Specimens

4.3. Modelling of FRP-to-Masonry Pull Tests

Two analytical procedures, i.e. a numerical procedure and a closed-form
mathematical solution were developed to predict the global load-slip response of
FRP-to-masonry pull tests. These procedures account for the slip-strain (ds/dx) that
is the relative slip between the FRP and adjacent substrate at the interface and hence,

are expected to accurately model the true behaviour of retrofitted members.

4.3.1. Input data for modelling

The analytical procedures use the material and geometrical properties of the FRP and
masonry, and the local bond-slip (z-6) models as input data. The key parameters (i.e.
maximum interface shear stress, 7, and maximum interface slip, J,..) for the
analysis were calculated using Eq. 4-8 and Eq. 4-9 from §4.2.4. Interestingly, a value

of 0; = 0.33 for the slip corresponding to the maximum interface shear stress was
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found to be fairly consistent for all the pull tests reported above. Hence, this value
was used for all the subsequent analyses reported in this study. However, the
applicability of this value for a wider range of masonry, FRP and epoxy adhesive

types requires further investigation.

Further, different 7-0 models (discussed in §2.4.1), such as rigid-softening, elastic-
softening and non-linear, were used as input data to study their effect on load-slip
behaviour of FRP-to-masonry bonded joints. As observed in Figure 2-5, the
ascending branch of the rigid-softening model is much stiffer in comparison to the
elastic-softening and the non-linear model which affects the initial slope of the global
P-A response and hence, the accuracy of the numerical results (Xia and Oehlers
2006). It has been stated by some researchers (Yuan et al. 2004; Haskett et al. 2008)
that the local 7-0 relationship for FRP-to-concrete is accurately modelled by an
elastic-softening model. However, it was considered important to investigate the
accuracy of the prediction versus complexity of the different z-6 models for FRP-to-

masonry interface.

4.3.2. Numerical Model

Model description

Figure 4-8 gives a schematic representation of the iterative procedure used in the
analysis. The numerical procedure is generic as it can accommodate any: local 7-6
characteristic, type and shape of axial reinforcement, length of embedment of FRP,
and cross-sectional area of the substrate. Also, it does not depend on strain gauge
data along the bonded strip which in some cases can affect the bond at the FRP-to-
masonry interface. The procedure uses the local 7-0 model as input data and is driven
by displacement-control (i.e. increments of strain are applied for which a guess of the
slip is made for each iteration). The procedure is based on the numerical procedure
developed by Haskett et al. (2008) to study bond along steel reinforcing bars
embedded in concrete. It has been suitably modified for its application to masonry to

account for its heterogeneous nature.
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Figure 4-8: Schematic of the homogeneous numerical model for pull test

The following algorithm is used for the numerical procedure shown in Figure 4-8:

* A tensile strain in the FRP is fixed at the loaded end at Position 0, &,(0) and,

hence the force in the FRP, P(0), can be determined from the c-¢ relationship

of FRP. The corresponding compression strain in the masonry is €,(0) = -

P@)/ (EA),,, where (EA),, 1s the axial rigidity of the masonry (E;, being the

elastic modulus of masonry and A, being the cross-sectional area of

masonry).
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* For this fixed strain, ¢,(0), and force, P(0), a slip at the loaded end, 4(0) =
0(0), is guessed.

» The bond stress, 7,,(0), corresponding to the guessed slip is derived from local
7-0 model for masonry.

= The bond force acting over the first segment length, dx is given by B(0) =

Tw(0) Lperdx, where L, =2d,+b,, is the perimeter of the failure plane and d;

and by are the lengths of the failure plane perpendicular and parallel to the
masonry surface, respectively, which are assumed to lie Imm away from the
surface of the FRP strip (as shown previously in Figure 2-7).

= Therefore, the load in the FRP at the end of the first segment is P(1) = P(0) —
B(0).

* The corresponding strain in the FRP is ¢,(1) = P(1)/ (EA),, where (EA),, is
the axial rigidity of the FRP (E,, is the elastic modulus of FRP and A, is the
cross-sectional area of FRP) and the corresponding strain in the masonry at
the end of the first segment is &,,(1) = -P(1)/(EA) .

* The slip strain in the first segment is ds(0)/dx = &,(0)-&,(0.).

= By integration, the change in slip over the first segment is As(0) == I@-dx .
X

= Hence, the slip at the beginning of the second segment is (1) = 5(0) - As(0)

This procedure is repeated over the subsequent segments until the two boundary
conditions at the unloaded end are achieved that is, both slip-strain and slip are zero.
It should be noted that these conditions are applicable for infinite bond length. In
case of finite bond lengths, the boundary condition is € = 0 at the free end. An
example has been included in the Appendix §D.2 to illustrate the numerical
procedure. This procedure was also followed for a heterogeneous simulation of the
brick and mortar components of masonry by using separate moduli of elasticity and
7-0 bond characteristics for the segments spanning the mortar joints and brick units,
respectively. The numerical procedure was carried out using a segment length of 1
mm (refer to Appendix §D.2 for sample calculations). From the analysis, it was
noted that the segment length does not influence the accuracy of the load-
displacement response to a great extent. The difference in load/displacement ranges

between 0 - 8% for segment lengths of 1 mm to 10 mm for the sample specimen
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considered in this study. It is however recommended that smaller segment length

should be considered for analysis.
Homogeneous and heterogeneous numerical procedures

The PI numerical procedure used in this study investigated the use of a homogeneous
analysis (Figure 4-8) with masonry material properties and a heterogeneous analysis

with disparate material properties for the mortar and brick unit (Figure 4-9).
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ds/dx(i)= €(i) — €mo(i) % §
&

62



Chapter 4 — Pull Tests — Numerical Study
Figure 4-9: Schematic of the heterogeneous numerical model for pull test

While the heterogeneous analysis is a true reflection of the mortar and brick matrix
that is masonry, it is much more numerically intensive in the sense that more
elements are needed and different 7-0 relationships are used to account for the
different mortar-FRP and brick-FRP bond. Hence, results from this study highlight
the importance of the FRP-to-mortar bond 7-6 on the global P-A behaviour. In this
study the effect of the heterogeneous nature of masonry was accounted for in two
ways: (1) using separate bond-slip models for FRP-to-brick and FRP-to-mortar
(Figure 4-10), and (ii) assigning zero shear bond strength to the FRP-to-mortar joint.
The load-displacement responses using the above methods were then compared with

that from the homogeneous simulation.

Tmax @Brick) N — — —Brick
Tmax (Masonry) ’f N Masonry
ﬁ !} \\ ------- Mortar
= / \\
g / \\
= / N
= / \
. = / N
s / N
= N
= )/ N
i / \\
Tmax (Mortar) | -9 - — 7T~ <
;’l ““'--.._,‘ S
g T Q
T N
61 Slip, é (mm) 6ma)i

Figure 4-10: Local elastic-softening t-6 relationship fornumerical models

For the heterogeneous procedure, the magnitude of 0,,, and J; (for both mortar and
brick unit) were kept the same as for the homogeneous procedure owing to a lack of
evidence in the literature. Given the dominant role that the brick unit bond appears
to play in the response, it was not expected that this assumption for 0,,,, would be
critical. The influence of the choice for J; is even less critical as the bond strength is
known to a property of 7, 0mq- On the other hand, research by Petersen et al. (2009)

reported 7, values for mortar and brick units in the order of 4.5 and 13 MPa,
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respectively. Hence, a ratio of one-third for the mortar to brick unit shear stress was
adopted for 7,,, in this study (Figure 4-10). As the individual brick unit is stronger
than the masonry with “smeared” material properties (for typical modern clay-brick
masonry), the 7,,,, value for the brick unit was increased slightly over the value used
in the homogeneous model and a value of one third of that was used for the mortar
Tmax. Although, these results were specific to the mortar and FRP aspect ratio used
by Petersen et al. (2009), still provided a more realistic estimate for the distinct -6

characteristics where none previously existed.

4.3.3. Mathematical model

Model description

The derivation of the governing equation of the stress transfer problem for plated
prisms involves four unknown fields which are: the axial stresses o, = g,(x) in the
FRP and 0,, = o,,(x) in the masonry; the axial strains ¢, = ¢,(x) in the FRP and ¢, =
em(x) in the masonry; the interface shear stress across the bonded length 7 = 7(x); and
the interface slip 0 = J(x) which is the difference between the axial displacement u,
of the FRP and u,, of the masonry. Based on the approach of Yuan et al. (2004) and
Wu et al. (2002), the generic governing equations for the stress transfer problem for

FRP -masonry prisms can be written as:

do_P — TLPer

dc A4, Eq. 4-10
and

o, 4, +c,4, =0 Eq. 4-11

where, Ap and 4,, are the cross-sectional areas of the FRP and masonry, respectively

and L., is perimeter of the failure plane.

The constitutive equations for the two adherents can be written as

di Eq. 4-12
Up:Epgp:Ep :17 1
X

and
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o —E & —E. du, Eq. 4-13
dx

where, E, and E,, are the Young’s Moduli of the FRP and masonry, respectively.

The slip at the interface (J) 1s the difference between the slips of the adherents u, and

Um, 1.6. 0 = u , - u, and differentiating twice, we get

d’s d'u, du, Eq. 4-14
> dx’ dx?

Substituting Eq. 4-10 and the derivative of Eq. 4-12 into Eq. 4-14 leads to
d*s d’u, 0 Eq. 4-15

per

dx2+dx2 _EA -
P r

Differentiating Eq. 4-11 and Eq. 4-13 once and using Eq. 4-10 yields
d’u, 8 Eq. 4-16

per

dx? __E A

m m

Substituting Eq. 4-16 into Eq. 4-15 leads to the governing differential equation

d’s Eq. 4-17
@ P

where, B, =55, p, =L, /4, » B, =E, + 4, /(E4), ), (EA)nis the axial rigidity of

the masonry substrate, ‘x’ is the distance from the unloaded end and 7= f(9) is the

interface shear-stress/slip function.

Similarly, differentiating slip with respect to x once and using Eq. 4-11 to Eq. 4-13

will result in the following expression for axial stress, o, in the FRP strip.

_ds 1

o=
dx f3,

Eq. 4-18

The governing Eq. 4-17 can be solved by using an appropriate relationship for local
7-0 along with the boundary conditions of zero slip and slip strain at the unloaded end
of the FRP strip (refer to Mohamed Ali et al. (2008). While the rigid-softening
model and elastic-softening model solutions have been discussed previously in
Mohamed Ali et al. (2008), their application to a strongly heterogeneous material

such as masonry has never been studied before. Thus, this study presents the closed
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form solutions for these two models as well as that for the non-linear model that
governs the behaviour of the FRP strip in a pull test for the various stages of 7-6 and
crack propagation (Figure 4-11 and Figure 4-12). An example has been included in
the Appendix §D.3 to illustrate the mathematical procedure.

X

x | 6,=0 at x=L
i o= Tmax
i D AN |_>P ' <Prc
! L-a (uncracked region) ' a<L. i
: ' : 5L<6max
E (a) Propagation of softening i
60— |tmae :
! \. |\\ ’ P L=PIC
\ L-L, (uncracked region) | L.y i 8,=0
| \ | max
i (b) Start of debonding E
i Tmax | O=0rn- I
) . )
0=0! : ' \ —>Pi=Pic
! Ly siL-Ley (debonded region) ! §,=5,,,.+
| i Omax A(L-Leg)
| (c) End of debonding

Figure 4-11: Bond-slip and crack propagation stages for rigid-softening model

(Mohamed Ali et al. 2008)
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|
N |
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! 0=0 /
| —>p
' L
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! P 5>9,
: ! !
i /WL<6HR{X
| ; __»p
| FRP strip i - a ;:
i ! i
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| |
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Figure 4-12: Bond-slip and crack propagation stages for rigid-softening model

(Mohamed Ali et al. 2008)
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Solution for different bond-slip models
Rigid-softening model

(i) For the softening stage and start of debonding stage (Figure 4-11(a) and (b)) (0
Sémax):

The generic expression for the relationship between the axial load in the FRP strip, P,
and the slip at the loaded end, A, for the rigid-softening model (Figure 2-5) is given
by Eq. 4-19 (Mohamed Ali et al. 2008). The model assumes that the entire interface
is rigid and neglects any elastic deformation. Therefore, the softening stage solution
given by Eq. 4-19 can be represented by segment OB in Figure 2-4(d). At the end of
this stage at point B, the debonding stage begins (6 = dmax) and corresponds to first
attainment of the peak load (Pyc).

L _ Eq. 4-19
P= —Tm‘”‘l L sin(arccos(—gmax AD

max

T

max ' per

Where, 5max (EA ) P

(ii) End of debonding stage (Figure 4-11(¢)) (0 > Omax):

When the bonded length is greater than the effective bond length (L.) and peak load
is attained, the debonding crack propagates further towards the unloaded end with the
load remaining constant (shown as segment BC in Figure 2-4(d)). This debonding
results in uniform strain over the debonded region and continued increase in the

ultimate slip at the loaded end (Eq. 4-20). Therefore, P=P)c and

A=6,p + 8,0 AL—L,) Eq. 4-20

max

T
L, ="
where, © 2\
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Elastic-softening model

The generic expression for the relationship between the axial load in the FRP strip, P,
and slip at the loaded end, A, from initial application of load to complete debonding
for the elastic-softening 7-0 model is given by Eq. 4-21 to Eq. 4-28 (Mohamed Ali et
al. 2008).

(i) For the elastic stage (Figure 4-12(a)) (0<0 < d;):

This stage is represented by the ascending branch of the elastic-softening model
(Figure 2-5). Eq. 4-21 gives the linear P-A solution during the elastic stage
corresponding to segment OA in Figure 2-4(d).

AﬂlAp

p_ Eq. 4-21
~ Bycot(4L)

where, 1, = / rm;;ﬂz and the other terms are as defined previously.
1

(ii) For the softening stage (Figure 4-12(b)) (0;<0<0max):

This stage is represented by the descending branch of the elastic-softening model
(Figure 2-5) as represented by segment AB in Figure 2-4(d) and at the end of this
stage debonding starts (i.e. P = Pj¢).

Eq. 4-22
A=(5,,. —F {% tanh(4, (L — a))sin(4,a) - cos(La)]+ 5, a
A Eq. 4-23
= [MJ{ﬁ tanh(4,(L — a))cos(4,a )+ sin(L,a)]
4 4
where, a is length of the interface in the softening zone and ; _ /( T B )
’ §max - 51

The softening length can be only be obtained by iterative solution of Eq. 4-22.
However, for infinitely long bond lengths,

Tonax L per Eq. 4-24
Pe=—— q

A
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where, 4, = 4, M,

511’1&)(
L, —a+ 1 At tan (1,a)
! 22, A + 4, tan(4,a)
and

aziarcsin 0.97 m
/12 5max

(iii) Start of debonding stage (Figure 4-12(c)) (0 = Omax)-

At this point, corresponding to point B in Figure 2-4(d), debonding starts when the
softening zone is fully developed (a=ay) as given by:
y) ] Eq. 4-25

1
a=a, =—arctan| —-
2 2

Be = (W][ﬂ? tanh[il[L L arctan[ilJ]] cos[arctan[/iljj + sin(arctan[iljﬂ Fa.
A LA 4 4 4 A 4-26

(iv) For the softening debonding stage (Figure 4-12(d)) (0 > Opay):

When debonding starts, the model predicts that the elastic component of the axial
force is reduced resulting in a slight decrease in load. This stage is represented by

segment BC in Figure 2-4(d) where

p_ Gu=0)4,2, Eq. 4-27
By
A PP ;L ), 5 Eq. 4-28

p

where, a =a, = /24, .

Non-linear model

The attraction of the non-linear z-6 relationship (originally proposed by Dai et al.
(2005, 2006) is that it can be represented by a single mathematical expression (Eq.
4-29) and hence, results in a single solution for the entire debonding process. The

relationship depends only on the maximum shear bond stress, 7,.x and the interfacial
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fracture energy, Gy. It should be noted that for consistency, Grwas kept the same as
for the rigid-softening and elastic softening models. In this application, the non-

linear 7-0 relationship takes the form (Kashyap et al. 2011)

r=2G ke (1-™) Eq. 4-29
where, the interfacial ductility index, =27 /G,

Substituting Eq. 4-29 into the governing differential equation (Eq. 4-17) results in the

expression

2 ; Eq. 4-30
‘;xf =2B,G ke (1-e™) 1

2
Recognising that d’s = i(ﬁ] = i[ﬁ]ﬁ _1d (ﬁ] and substituting into
dx*  dx\ dx do\dx )dx 2do\\ dx
Eq. 4-30 leads to the expression
2 ‘ i Eq. 4-31
d[[ﬁj J = 44,G ke (1-e™)ds
dx

Integration of Eq. 4-31 and taking the square root gives,
d Eq. 4-32

o —
E:Jzﬁzc;f(l—e ©Y 4o,

Using the following boundary condition for specimens with long bond length (i.e.,

for L > L), the value of constant ¢, is zero. Thus, with zero slip strain and slip at x =

0, a0 »=0 and 5| _, =0, Eq. 4-32 becomes

dx "
do o Eq. 4-33
T S2AG =)

Substituting Eq. 4-33 into Eq. 4-18 gives the stress in the FRP as a function of the
local slip, o:

PN Eq. 4-34
o=28,G,(1-e¢ ’"S)F0
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Eq. 4-34 can be used to write the following generic expression for the relationship
between the axial load in FRP strip at the onset of IC debonding, Pic and slip at the
loaded end, A for the non-linear model. (Kashyap et al. 2011)

1 Eq. 4-35
Fe=An2.G,0-¢") -
0

4.3.4. Comparison of results from numerical procedure, -closed-form

mathematical solution and experimental data

The predicted P-A behaviour using the numerical procedure and closed-form
mathematical solutions was verified by comparing with results from FRP-to-masonry
pull tests. In this section, results of the parametric study on a NSM CFRP-to-
masonry pull test specimen (P8) are included as an example. The -0 parameters for
this specimen were calculated using Eq. 4-8 and Eq. 4-9 according to the procedure
described in the previous section. The masonry material properties used for this test

specimen are those given in Table 3-2.
Influence of -6 characteristics on load-slip response

Figure 4-13 and Figure 4-14 show the P-A plots from the predictive procedures using
three different -0 models, i.e. rigid-softening, elastic-softening and non-linear.
These demonstrate that the P-A response varies depending on the shape of the 7-0
characteristics and the key parameters used. As can be seen from Figure 4-13 and
Figure 4-14, the results from the numerical procedures and mathematical solutions
agreed reasonably well with the experimental load-slip behaviour. The peak load (i.e.
the maximum debonding resistance, Pi¢) was quite similar for all three 7-60 models as
the fracture energy, Gy, i.e. the area under the 7-d characteristic, remained constant.
There was little difference (about 2-3%) between the predicted and experimental
values of peak load. However, for this specimen, the predicted P-A response using
elastic-softening 7-0 model gave better correlation with the overall experimental
result as compared with the rigid-softening and non-linear -6 models which tend to

over-estimate the P-A response at serviceability. This is due to the fact that both of
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these models have stiffer ascending branches for their 7-6 models than the elastic-

softening does.

60
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[—]

Load, P (KN)
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---- Rigid-Softening-Hom
x Elastic-Softening-Hom
—&— Non-Linear-Hom
0 ‘ ‘
0 1 2 3

Global Slip, A (mm)

Figure 4-13: Experimental and numerical analysis P-A curves (P8) for different

7-0 characteristics
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Figure 4-14: Experimental and closed-form P-A curves (P8) for different t-0

models
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One noticeable difference was in the initial slope of the global P-A response. As
expected, using the rigid-softening and non-linear models resulted in a much stiffer
initial slope of the P-A curve due to the rigid/stiffer ascending branch of the
respective 7-0 models. This signifies that the stiffness of the ascending branch has
great influence on the initial slope of the P-A curves. Further, the ultimate slip was
also predicted with good accuracy for all three 7-0 models. The difference between
the predicted and the experimental values for the ultimate slip varied between 5 to
12% for numerical procedures and 3-6 % for closed-form solutions which could be

attributed to the material variability at the FRP-to-masonry interface.
Influence of heterogeneous nature of masonry

Figure 4-15 shows the results from the homogeneous and heterogeneous numerical
procedure using elastic-softening 7-0 model. The P-A response for different -0

characteristics using heterogeneous analysis was similar to the homogeneous

analysis.
60

o~ 40
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=

g 20

= Experimental
X Hom
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0 1 2 3

Global Slip, A (mm)
Figure 4-15: Experimental and numerical analysis P-A curves for elastic-

softening t-60 model
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A slight reduction (about 2%) in the peak load was observed when the homogeneous
procedure is used compared to the heterogeneous procedure (Figure 4-15).
Furthermore, for the heterogeneous procedure, ignoring the mortar contribution only
marginally affects the P-A response which could be attributed to its low strength.
Consequently, for a heterogeneous simulation, the mortar z-6 can be ignored. Similar

trends were observed for the rigid-softening and non-linear 7-0 characteristics.

4.4. Summary and closing remarks

A new generic model that is applicable to both EB and NSM techniques was derived
to predict the IC debonding resistance of FRP-to-masonry joints using a large set of
test data from the open literature. For the range of experimental parameters
investigated as part of this study, the predicted values from the new model correlate
reasonably well with the experimental values. Further, empirical expressions were
developed for the key local bond-slip parameters such as peak interface shear-stress

and maximum slip.

A set of numerical and mathematical procedures that predict the pull test behaviour
for FRP retrofitted masonry were developed using the empirical expressions for
bond-slip parameters developed in §4.2.4. For the available test data, the numerical
and closed-form mathematical solutions accurately predicted the experimental
behavior. The difference between the peak loads from the homogeneous and the
heterogeneous numerical procedures was observed to be negligible. Hence, for
simplicity the homogeneous procedure can be used for pull test analysis. For both
predictive procedures, the elastic-softening 7-0 model gave better correlation with the
experimental results than the rigid-softening and non-linear models for the overall P-
A response. However, the peak load (Pic) only varies slightly when using either the

rigid-softening or non-linear model.
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CHAPTER 5
WALL BENDING TESTS - SETUP AND
INSTRUMENTATION

5.1. Introduction

A series of NSM CFRP reinforced masonry wall tests were conducted under lateral
out-of-plane bending. These tests investigated the use of the NSM technique to
increase the bending strength of URM walls. Major gaps were identified in the
literature (§2.5) relating to the influence of cyclic loading, axial pre-compression,
reinforcement ratio and FRP strip spacing on the FRP-to-masonry bond. Hence, wall

tests were conducted to study:

e Behaviour of NSM CFRP retrofitted masonry walls in flexure and investigate
the IC debonding failure mechanism in them; and

e The effects of reverse cyclic loading, axial pre-compression, FRP strip
spacing and reinforcement ratio on the stiffness, displacement capacity and

ultimate strength of FRP retrofitted masonry walls.

In this chapter the test plan, setup, and instrumentation details are described. The test

results are presented and discussed in Chapter 6.

5.2. Test Plan

Fifteen NSM CFRP reinforced walls were subjected to out-of-plane bending. The
test parameters that were varied included: FRP strip spacing, reinforcement ratio,
single/double sided FRP mounting, axial pre-compression and cycling loading. Table

5-1 shows the details of the walls tested in this research.
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Table 5-1 - Out-of-plane bending test plan

Wall . Strip Size # . of Strip Axia.l prEF =
Wall | Dimensions Strips | spacing” | loading | Arrp/Awan
+S/C | W o t, b, **Q/D | A(mm) | (MPa) | (%)
(mm) | (mm) | (mm) | (mm)
1S 355 | 1710 | 3.6 10 1D 355 0 0.092
28 355 | 1710 | 3.6 10 1D 355 0 0.092
3C 355 | 1710 | 3.6 10 1D 355 0 0.092
48 230 [1710 [3.6 |10 1D 230 0 0.142
5S 1070 | 2310 |7.2 10 10 1070 0 0.061
6S 1070 | 2310 | 4.8 7.5 20 535 0 0.061
78 1070 | 2310 | 3.6 10 30 357 0 0.092
8S 1070 |2310 | 4.8 5 30 357 0 0.061
98 1070 | 2310 | 3.6 10 10 1070 0 0.031
10S | 1070 | 2310 | 4.2 10 20 535 0.1 0.071
11C | 1070 | 2310 |42 10 2D 535 0 0.071
12C | 1070 | 2310 | 4.2 10 2D 535 0.1 0.071
13C | 1070 | 2310 | 4.2 10 20 535 0 0.071
14S | 1070 |2310 | 4.2 10 20 535 0.2 0.071
15C | 1070 | 2310 |4.2 10 2D 535 0.2 0.071

wall thickness t;, = 110 mm for all walls

* S — monotonic static loading; C — quasi-static cyclic loading

**0 — strips on one side; D — strips on both sides

***p — Reinforcement Ratio

A — strip spacing refers to horizontal spacing between vertically oriented strips

Walls 1-4 were conducted as pilot tests in order to ensure the test setup would
function satisfactorily. The test wall width was increased for walls 5-15 in order to
study variable strip spacing. As shown in Table 5-1, walls 5, 6 and 8 were used to
investigate the influence of strip spacing on the flexural behaviour of NSM FRP
retrofitted walls. The effects of axial loading on wall response under monotonic
loading was investigated by tests on walls 6, 10 and 14 with the same repeated under
cyclic loading with walls 11, 12 and 15. The effect of cycling loading was
investigated under three axial load conditions i.e. with no axial load (walls 1-3 and
walls 6 & 12), under 0.1 MPa (walls 10 and 12) and under 0.2 MPa (walls 14 and
15). The effect of reinforcement ratio was studied through walls 4, 5, 7 and 9. Wall
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13 was unique in the sense that it was tested with cyclic loading even though it only

had NSM reinforcement on one face of the wall.

5.3. Specimen Design

Each wall test specimen consisted of a single leaf clay brick masonry wall with
nominal dimensions as shown in Table 5-1. These walls were constructed by
professional brick layers using the materials specified in §3.3. The unreinforced
walls were left to cure for a minimum of 28 days before retrofitting with NSM
CFRP. The FRP strips were aligned vertically through the brick units offset by 52
mm from the perpend joints (except for wall 4) as this provided the most efficient
increase in ultimate strength (Willis et al. 2009b). This also allowed strain gauging of
FRP in adjacent bricks so that data could be recorded on either side of a crack (i.e.
mortar joint) and provided the closest possible representation of an FRP strip through
a homogeneous material. The FRP was obtained from the manufacturer in rolls of
Im wide sheeting, 1.2 mm (walls 1-9) or 1.4 mm (walls 10-15) thick. All strips were
fabricated by cutting and gluing the required number of individual strip elements
together and spanned for the full length of the specimen. It should be noted that the
1.4 mm thick strip was used for walls 10-15 only because of the unavailability of the
strip with 1.2 mm thickness. The FRP retrofitting scheme was designed using full
interaction theory to ensure that IC debonding was the critical failure mode, rather
than FRP tensile rupture or masonry crushing (refer to calculations included in
Appendix §E.1). The groove for the NSM strip was cut using a diamond blade saw
and then filled with an epoxy adhesive after blowing the brick dust out with a high
pressure air hose. The strip was cleaned with acetone to remove any foreign
substances before being inserted into to the epoxy-filled groove and allowed to cure
for 7 days. The FRP strip was positioned flush with the masonry surface as shown in

Figure 5-1 and Figure 5-2 for all specimens.

The first four wall tests (walls 1-4) were conducted with 1710 mm high and 110 mm
thick masonry walls (Figure 5-1). Walls 1-3 were 355 mm wide and wall 4 was 230
mm wide. All four walls were reinforced on both faces with vertical NSM CFRP

strips. The FRP strip was placed along the centerline of the flexural face, hence for
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wall 4 (Figure 5-1(a-ii)), the strip went alternately through brick units and perpend
joints in adjacent courses, while for walls 1-3, the FRP strip ran through the brick
units in every course of brickwork (Figure 5-1(a-1)). This allowed for investigation of
the influence of perpend joints in bond and a different reinforcement ratio on the

flexural behavior of retrofitted masonry wall.

-I-”--+I--|§u Et--- - -
|
” |
FR3P 6“;:)1’ T % FRP strip
(3.6x10) i (3.6x10)
| :
Loading
-"H--r'"-ﬁomr e et
i s
—— e — + -y . . . — — —
|| Loading
oint
| P
|
I
L |2
|
_l*__l-- [~ ] iugp&rt———--——
|
(1) Walls 1, 2 and 3 (ii) Wall 4

(a) Elevation

. 355 230
FRP strip | T~ 4 FRPstrip
= ST ™
— 1 - |
(i) Walls 1, 2 and 3 (ii) Wall 4

(b) Cross-section
Figure 5-1: Specimen details — walls 1-4

The FRP strip arrangements and wall dimensions for walls 5-15 are shown in Figure
5-2. Walls 5-15 were 2312 mm tall, 1070 mm wide and 110 mm thick. These
dimensions were chosen to give a more realistic representation of the one-way

vertical bending portion of a masonry wall supported on all four sides as well as to
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study the influence of strip spacing. It should be noted that from wall 5 onwards,
specimens subjected to monotonic loading had the FRP reinforcement placed only on
the “tension face” (Figure 5-2(b)) as it was thought that due to the small
reinforcement ratios being used, the absence of FRP on the compressive face would
not result in a significant difference in behavior as well as saving time and money.
However, as can be seen in (Figure 5-2(c)), the cyclically loaded specimens were

reinforced on both sides (except for wall 13).

7 1070
— [ [T [ Support =
L LT Toswpoe [ ] [ [ T %
" | ! | " | ” | 535 535
I I I [ (i) Wall with one strip
| | | |
| | | | 1070
| | | | o o
I = 1 T, T1T11=
| ” | " | : | " | 267 | 536|267 |
| | : | ” | " (ii) Wall with two strips
o Loading
e e B i et T 1070
| | | | S
I I I [ H ” ” “ j -
| | | | 178 | 357 357 |178
I | I | || | ” | o (iii) Wall with three strips
| | I | © | (b) Cross-section (walls 5-10, 13, 14)
| | | | — 1070
I — — T 436 307
L L suppor A L
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Figure 5-2: Specimen details —walls 5-15

A vertical crack was observed on the compressive face (back face) directly behind
the FRP strips on tension face (front face) for wall 10. This was thought to be due to
the plane of weakness caused by the FRP strip on the opposite side. To avoid further
complications due to the vertical crack interacting with the FRP strip, the spacing of

the FRP on the back face was reduced by approximately 40mm. Therefore, for walls

80



Chapter 5 — Wall Bending Tests — Setup and Instrumentation

11, 12 and 15 the centre-to-centre strip spacing was 535mm on the front face and

456mm on the back face (Figure 5-2(c)).

5.4. Test Setup

The setup used for the wall tests is shown in Figure 5-3 and Figure 5-4.

Top
Support

Loading

Points

Bottom
Support

a) Front view b) Side-view
Figure 5-3: Out-of-plane bending test setup for walls 1-4

The walls were simply-supported along their top and bottom edges with roller
supports at the second course from the top and bottom of the walls. Walls 1-4 (Figure

5-3) were subjected to four-point loading using a hydraulic ram whereas walls 5- 15
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specimens were tested under three point loading (Figure 5-4). In every test, the ends

of the FRP strips were untrapped (Figure 5-5) so that the final failure occurred once

debonding propagated sufficiently close to the unloaded end so that there was not

enough bonded length left to maintain the tension force in the FRP strip.

Loading
Point

Bottom
Support

Untrapped
CFREP strip

Bottom
Support

Figure 5-5 Untrapped FRP strip at the support
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For each static test, the load was applied uniformly across the specimen width at their
mid-height and in one direction such that the strain gauged FRP strip was in tension.
The quasi-static load was applied slowly using a manually operated hydraulic jack
until failure. For cyclic loading, the test arrangement used for static tests was
modified such that a reaction frame was constructed on both sides of the specimen
with the centre course of bricks clamped on each side (Figure 5-6), allowing the
hydraulic ram to push and pull the specimen back and forth. The cyclic tests were
conducted by loading the walls in increments of 10-30% of the estimated ultimate
deflection, as determined from the corresponding monotonic static test. This was
done to collect data for a sufficient number of load cycles in order to compare with
the monotonic test results. For each displacement increment two to three cycles were
conducted with each cycle consisting of: 1) monotonically loading the wall in the
positive direction until the target displacement is reached and then reducing the load
to “zero”; 2) monotonically loading the wall in the negative direction until the target

displacement is reached and then reducing the load to “zero”.

Figure 5-6: Cyclic loading setup

5.5. Axial Pre-compression

A vertical pre-compression (of 0.1 MPa or 0.2 MPa) was applied to walls 10, 12, 14
and 15 (Table 5-1) using the test arrangement shown in Figure 5-7. A total of 527 kg
(W = 5.17 kN) was required to reach the desired 0.1 MPa axial load at top of the
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wall. This was doubled to 1,054 kg (W = 10.34 kN) to apply 0.2 MPa to the wall. In
order to apply these axial loads to walls, two steel hanger beams were placed along
the top of the wall and the required weights were hung from free end of these beams.
The steel hanger beams were supported by a steel bar used to apply the vertical
reaction as a point load to allow control over the length of the lever arm used to
magnify the load. Timber plates and a layer of rubber were matted underneath the
steel bar to uniformly distribute the vertical load onto the wall (Refer to Figure E-4

for more details).
1500 mm 400 mm

/Steel hanger (connected to reaction frame)

! e g
Loading | ’
Timber
FRP
Plate -\ Rubber Layer

Figure 5-7: Axial loading arrangement

5.6. Instrumentation

To better document the wall response, instrumentation consisting of strain gauges,
magnetic voltage gauges (MVGs) and LVDTs were used. The instrumentation was
used to collect information about the global load-displacement response of the wall,
strain and shear stress distribution within a single brick and over the entire height of
the wall; crack formation and opening/closing along with width and height of cracks.
As the experimental study progressed, as more understanding was gained which
enabled the instrumentation to be varied to better target the data necessary to

document specific wall responses.
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5.6.1. Strain gauge setup

Strain gauges were used to record the change in axial strain in the reinforcement
from which the progression of debonding along the strip could be monitored. Strain
gauges were glued in between the FRP strip layers so as to not interfere with the
bonded surface area at the FRP-to-masonry interface. The number and the position of
strain gauges used for each wall varied depending on the cost and availability of data
acquisition channels and on the test variables involved such as loading type, strip
configuration, axial pre-compression. For the pilot tests (walls 1-4) 32 data
acquisition channels were used and this number was increased to 64 for the
remaining walls to gain more knowledge of the wall behavior. The strain gauge

arrangement for walls 1-3 is shown in Figure 5-8.

| . FRP |
Support=f==F === 20 { |7 === & = = =Support
n: S =5 - ||
L [ 20 " ||
" s %%\\
Hl 355 NN
| - Three strain gauge [t £
F [ ; E” |
s per brick course _
/__N_-E___ __H_-E___\
Loading I [ " F | | Loading
Poings - F Pojnts
"\___,,;.\,‘E_ -__.;.N_-/
Nl S StrTin gauge T E
S BN | E ]
LE ° p—— T E
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[ ] Two strain gauge |
per brick course
a) Wall 1 and Wall 3 b) Wall 2

Figure 5-8: Strain gauge arrangement for walls 1 -3

For walls 1-4, only the tension face FRP strip was strain gauged due to data
acquisition system limitations. As shown in Figure 5-8(a), for wall 1 and wall 3, two
strain gauges per brick were positioned in the central sixteen courses, as this was the

range where debonding was expected to occur. The strain and shear stress

85



Chapter 5 — Wall Bending Tests — Setup and Instrumentation

distribution plots for these two walls revealed that the important features within the
brick unit were missing (refer §6.2.1 and §6.2.3 for details). To improve the
resolution of the experimental strain and shear stress plots for wall 2, three strain
gauges per brick were placed on the central ten courses (Figure 5-8(b)). However, the
strain and stress distribution plots still suffered from a lack of peaks at crack
locations and hence, the peak shear stress value was still uncertain. (refer §6.2.2 for
details). Hence, it was realized that the number of strain gauges per brick needed to
be further increased to get a more realistic picture of the shear stress distribution.
Consequently, for wall 4, four bricks on the tension face were instrumented (i.e.
avoiding the loading points and perpend joints) with seven strain gauges per brick

(Figure 5-9).
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a) Wall4 b) Strain gauge arrangement - Detail “A”

Figure 5-9: Strain gauge arrangement for wall 4
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From the (‘pilot’) tests on the first four walls, a large degree of symmetry was noted
in the recorded strains for the top and bottom half of the test specimens (Figure
5-10). Consequently, in future tests only the strips in the top half of the walls were

strain gauged.
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Figure 5-10: Comparison of strain above and below wall mid-height

For walls 5-15, strain gauge positions were chosen based on the number of FRP
strips and loading type. Further, lateral symmetry was assumed for walls with two or
three strips. Hence, for walls reinforced with two strips, only one strip was
instrumented whereas, for walls with three strips, the centre strip and one outer strip
were instrumented. Due to the different test configurations adopted for each
specimen and the limitation of 64 number of data acquisition channels available, the
number of strain gauges used per brick as either three or five. As shown in Figure
5-11, the position of three gauges was such that they corresponded to the middle
three of the five gauge configuration on a brick unit. For specimens reinforced with
one FRP strip and subjected to static loading (walls 5 and 9), five strain gauges per

brick were used (Figure 5-12). As wall 7 and wall 8 were reinforced with three strips,
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the central and one of the two outer strips were instrumented with three strain gauges

per brick (Figure 5-13).

Wall thickness (110 mm)

FRP stri >
/~ P * |
I Y
18 mm I: oy
5 mm
N H —
B B 76 mm
| I
I _‘I
a) Five strain gauges per brick b) Three strain gauges per brick
(walls §, 6, 9, 10, 13-15) (walls 7, 8, 11, 12)

Figure 5-11: Strain gauge location within brick unit
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Figure 5-12: Instrumentation for walls reinforced with one strip (walls 5, 9)
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Figure 5-13: Instrumentation for walls reinforced with three strips (walls 7, 8)

Further, for monotonically loaded walls with two strips (walls 6, 10, 14), only one
strip was instrumented with 5 strain gauges per brick, as shown in Figure 5-14(a).
Walls 11-12 were subjected to cyclic loading and had two strips on both faces so, top
half of alternate strips on each face were strain gauged with three gauges per brick
(Figure 5-14(b)). As shown in Figure 5-15, similar strains were recorded from the
strips on the front and back faces of the wall, (refer to §6.2.11 for details).
Consequently, for wall 15 only one strip on one face was strain gauged as it allowed
for five strain gauges per brick giving more detailed strain and stress profile
information. Further, for some wall tests extensive cracking was noted in the lower
half of the wall. Thus the difference in strains between the top half and lower half of
the walls were also investigated in W-15 by placing strain gauges for the three bricks
above and below the central brick. As mentioned in §5.2, wall 13 was subjected to
cyclic loading with reinforcement only on one face so the strain gauge setup was

similar to static tests (Figure 5-14(a)).
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Strain gauged region — 5
strain gauges/brick for
static tests and 3 strain
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b) Back of the wall for cyclic tests (walls 11, 12)

Figure 5-14: Instrumentation for walls reinforced with two strips
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Figure 5-15: Strain comparison between front and back strip

5.6.2. LVDT and other instrumentation

Load-displacement data is crucial for understanding wall behaviour. To monitor the
global displacement five LVDTs were placed at different positions on each wall
(Figure 5-13 and Figure 5-14). To measure the mid-span displacement, three LVDTs
were placed at the mid-height of the wall, one in the centre and two on either side to
document if any lateral rotation (twisting) of the wall occurred. The remaining two
LVDTs were positioned at the top and bottom supports to account for any support

support movement, should it occur, during testing.

To successfully model the wall displacement behaviour, the discrete rotations at
flexural cracks within the wall must be accounted for. To get crack information such
as crack width, crack initiation and closure, MVGs, LVDTs and strain gauges were
placed across mortar bed joints in the upper half of the specimen (Figure 5-16 and
Figure 5-17). To record the onset of cracking at the bed-joints in the walls, MVGs
(Figure 5-16) were used for walls 5-8. Two MVGs were trialled successfully for the
first time for crack detection in wall 5. Thus, the number was increased to ten for

walls 6-8.
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Magnetic  Strain gauge  Strain gauges
volt gauge at bed joint along FRP strip

Figure 5-16: Use of volt gauge and strain gauge for crack detection

Although, volt gauges and strain gauges could detect the cracks with reasonable
accuracy, there was still some uncertainty in the ability of the gauges to detect the
first opening of cracks. Therefore, volt gauges were replaced with more sensitive
LVDTs (Figure 5-17) to gain a better understanding of the wall behaviour as they
could record the crack width along with more accurate recording of crack initiation.
Three LVDTs were first trialled along the bed joint on the tensile face of wall 10 and
then for walls 11-15, six LVDTs were used. For cyclic tests, 5 LVDTs were placed

on the front face of the wall and only 1 on the back face.

Bed joint
crack

Figure 5-17: Use of LVDT for crack measurement
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In addition to the above mentioned instrumentation, rulers were glued to the sides of
the wall in order to give manual readings for crack details such as the depth and
width of the crack, as shown in Figure 5-18. This helped in the visual analysis of the
cracking formation. Also, during testing many photographs were taken along with
the video recording for most of the tests. All the crack formation data recorded using
visual observation, strain gauges, MVGs and LVDTs was finally compared and

validated against each other.

Rulers

Crack depth

Figure 5-18: Use of Rulers to estimate crack height
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CHAPTER 6
WALL BENDING TESTS RESULTS

6.1. Introduction

This chapter presents the test observations and results from fifteen wall tests. The
description for each wall tests includes a discussion of: (1) the load versus deflection
response; (2) axial strain and stress distribution in the FRP strips; and (3) failure
mode descriptions. The chapter concludes with a discussion of the effects of different

parameters on the flexural behaviour of NSM FRP reinforced masonry walls.

6.2. Test results

6.2.1. Wall1l

Wall 1 was 355 mm wide (corresponding to 1.5-brick unit lengths) and was tested
under four point monotonic loading as shown in Figure 6-1. The wall was reinforced
with one NSM FRP strip having cross-sectional dimensions of 3.6 mm (i.e. three
1.2 mm layers adhered together) x 10 mm which corresponds to a reinforcement ratio
of p = 0.092%. Axial strain data along the FRP strip, the applied load and
displacements at the mid-span and supports were recorded during testing. During this
first test data it was observed that the bottom wall support moved (in the order of
10 mm), thus the maximum displacement, Ay for wall-1 is not reported. The
supports were bolted in all of the subsequent wall tests to prevent similar movement.
The maximum strain recorded in the FRP strip during this test was €nax = 9837 pe
which occurred when the applied load was at its maximum value of Fy,,x = 18.6 kN.

This was 60% of the rupture strain, €y

The ultimate failure was due to a combination of IC debonding of the FRP strip and

masonry crushing. During this test hairline cracks became visible in the bed joints
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near the constant moment region just above and below the loading points, at
approximately 5-8 kN of load. As the load was increased, the existing cracks
widened, developing into the herringbone cracking pattern shown in Figure 6-1 along
the FRP strip. The orientation of the herringbone cracks with respect to the primary
flexural crack indicates that debonding propagated away from the primary crack

towards the supports, that is from the region of high to low moment.

Bed joint cracks

b
i
i A
T -
s S
Direction T
of crack =3
propagation e

Figure 6-1: IC debonding failure in wall 1

Extensive cracking in the masonry was eventually also observed outside the constant
moment region as debonding slowly propagated towards the unloaded ends of the
FRP strips near the supports. At failure, wedges formed from diagonal cracks
exploded off the tension face of the wall. Further, as shown in Figure 6-2, major
cracks were also observed within a few bricks near the loading points resulting in
lengthwise/width wise splitting of the brick units. Importantly, from the cross-
sectional analysis, it was found that the strain at the extreme compression face
(0.0018) calculated using the maximum recorded strain in FRP, exceeded the

masonry crushing strain (0.0016) (see Appendix §E.3.1 for calculations) which is in
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agreement with the observation that at maximum load there was some evidence of
crushing of the brickwork on the compression face of the wall. For wall 1, the
failure occurred above the top loading plate which was probably due to the fact that
the lower compressive stresses in the top half of the wall would increase the chance
of IC debonding in this half. After failure, clay brick masonry residue was still
attached to the FRP strip showing that debonding occurred within the brick material

at the FRP-to-masonry interface.

Figure 6-2: Failure on compression face of test specimen

The load-displacement response for wall 1 is shown in Figure 6-3 where it can be
seen that there was a change in the stiffness at a very early stage of loading,
approximately 2 kN, which is when the primary flexural crack occurred at the wall
mid-height. This point also corresponds to the unreinforced masonry bending
capacity, Fyrm as shown by the dotted line in Figure 6-3 after which point the load is
supported by the FRP strip. It should be noted that the vertical bending capacity of
18.6 kN for wall 1 was approximately 14 times higher than its unreinforced bending
capacity, Fyrm of 1.3 kN. Despite the relatively low reinforcement ratio of 0.092%,
this demonstrates the substantial increase in strength that is possible with this

retrofitting scheme.
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Figure 6-3: Load-displacement® response for wall 1
*Note: Displacement is indicative only as supports moved during test.

As mentioned in §5.6.1, wall 1 was instrumented with two strain gauges per brick.
Figure 6-4 shows the strain distribution for wall 1. From the literature review
(Gravina and Smith, 2008), it was expected that troughs in the strain distribution
would occur between cracked sections and that sharp peaks in strain would occur at
crack locations. However, due to the fact that there were only two strain gauges per
brick, only one shear stress value per brick could be calculated. Hence, these features

could not be captured from the strains recorded for wall 1.
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Figure 6-4: Strain distribution for wall 1
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6.2.2. Wall 2

Wall 2 was a repeat of the monotonic test for wall 1 but this time with the bottom
support movement prevented. The overall response of wall 2, including failure
mode, was similar to wall 1 with maximum recorded values of y,x = 9987 pe (61%
of €np) and Frax=18.5 kN. In addition, the maximum wall deflection, Ay was

recorded as 36.6 mm. The load displacement plot for wall 2 is shown in Figure 6-5.
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Figure 6-5: Load displacement plot for wall 2

The main difference observed in the response of wall 2 (compared to wall 1) was that
it was slightly stiffer, no doubt due to the absence of the support movement that
occurred in test 1. Similar to the wall 1 test, at a load of 2 kN load the primary crack
occurred in the wall at mid-height causing a slight reduction in stiffness. The
response under further loading was more or less linear until masonry crushing began
at about 15 kN which further contributed to a notable loss of stiffness. From the
cross-section analysis for wall 2 using the maximum FRP strain from the test data,
the compressive strain was estimated to be 0.0018 which exceeded the masonry

crushing strain of 0.0016 (see Appendix §E.3.2).

In order to improve the resolution in the plots of strain and shear stress distribution,
the FRP strip in wall 2 had three strain gauges per brick. As seen in the strain

distribution plot for wall 2 (Figure 6-6), due to the presence of a third strain gauge
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the expected troughs in the strain distribution near the middle of the brick were
recorded. This change in strain corresponds to a stress reversal in the shear bond slip
between the FRP strip and the masonry. While there is lack of information for the
expected peaks in FRP strain immediately adjacent to crack locations, extrapolation
from the centre of the brick units out towards the mortar joints suggest that peaks

should occur at cracked sections (Figure 6-6).

12000 H : : : H H :
L P t—| .. —Loading Point
oadmg om 18.5 kN Eotag mgl t(.)m
, A rapolation
10000 Mortal Jomt» f : /X H P ; ' :
_ 8000 - ' :\A :
L]
S
Aaml
~6000 -
£
<
]
& 4000 -
2000 -
0 - - T 'I - T - - T T
200 400 600 800 1000 1200
Distance from bottom of wall (mm)
Figure 6-6: Strain distribution for wall 2
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Figure 6-7: Shear stress distribution for wall 2

99



Chapter 6 — Wall Bending Tests —Results and Discussion

As wall 2 had three strain gauges per brick, two shear bond stress values could be
calculated per brick to give an indication of the distribution as well as magnitude of
the shear bond stress along the FRP strips as shown in Figure 6-7. From Figure 6-7,
it can be observed that shear stress reversals occur within the brick unit due to cracks
that are formed at the mortar joints. Further, it can be noted that high shear stress
were recorded at early stages of loading, especially near the loading points, with
values reducing towards the supports. The limited numbers of data points for shear
stress were not especially helpful for analysing wall behaviour. It was interesting to
note that the maximum shear stress was calculated as 11 MPa. This was similar to

the 10.8 MPa value calculated from the pull test for a strip with similar dimensions.

The difference in strip behaviour in the top half and bottom half of the wall was
investigated by comparing strains above and below mid-height for wall 2 (Figure
6-8). As shown in Figure 6-8, the differences were found to be minimal and were put
down to experimental variability. This indicates that similar debonding processes
occurs in the top and bottom half of the wall and as discussed earlier, debonding
progresses from mid-height of the wall towards the supports. This verifies that the
strain data recorded above mid-height is representative of the strains below mid-

height.
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Figure 6-8: Comparison of strain below and above mid-height for wall 2

100



Chapter 6 — Wall Bending Tests —Results and Discussion

6.2.3. Wall3

The test configuration for Wall 3 was similar to that for walls 1 and 2, the main
difference being that Wall 3 was subjected to reverse cyclic loading. Wall 3 had
recorded values of enax = 8298 pe (approximately 50 % of €np); Fmax = 15.6 kKN and
Ayt = 30.3 mm. Similar to walls 1 and 2, debonding commenced outside of the
constant moment region where higher slips were generated. As the load approached
the peak load, severe diagonal cracking was followed by masonry crushing on both
faces of the wall. Hence, final failure was due to a combination of IC debonding and
masonry crushing (as for walls 1 and 2). From the cross-sectional analysis, it was
found that the maximum compressive strain (0.0015) was very close to the masonry

crushing strain (0.0016) (Refer Appendix §E.3.3 for calculations).

The global load-displacement response for wall 3, shown in Figure 6-9, closely
follows the load-displacement envelope of the monotonic tests (walls 1, 2),
suggesting that cyclic loading has only a small effect on the response of a CFRP
NSM strengthened masonry wall. The level of cycle-to-cycle degradation was
relatively small. The greatest energy dissipation occurring in wall 3 was generally
observed in the first cycle of each increment of displacement due to the formation of
new cracks, as seen in Figure 6-9. Compared to monotonic loading, reverse-cyclic
loading reduced the strength and the displacement capacity by an average of 16%

and 17%, respectively.

As mentioned in §5.6.1, wall 3 was instrumented with only two strain gauges per
brick. Hence, the strain profile for wall 3 did not provide much information about the
wall behaviour. Therefore, strain and shear stress distributions of wall 3 are not

discussed here.
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Figure 6-9: Load-displacement response for wall 3

6.2.4. Wall4

The test configuration of Wall 4 was similar to walls 1 and 2, the main difference
being that Wall 4 was 230 mm wide with a reinforcement ratio of 0.142% compared
to 0.092% used in walls 1 and 2. The main objective for testing wall 4 was to get
detailed strain and stress distributions by using seven strain gauges per brick. This
wall had recorded values of &yax = 8298 pe; Fiax = 15.6 kN and Ay = 30.3 mm. As
can be seen in Figure 6-10, wall 4 failed due to a combination of IC debonding and

masonry crushing due to the higher reinforcement ratio used in this wall.
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(a) Side view (b)Tension face (¢) Compression face |

Figure 6-10: Failure mechanism in wall 4

Some masonry residue was attached to the FRP strip indicating that debonding was
at FRP-to-masonry interface. However, IC debonding did not develop fully
particularly in the lower half of the wall. Along with the mortar joints, some cracks
appeared at the perpend joints which continued through to the adjacent brick. It was
noted that due to the comparatively high reinforcement ratio, the wall exhibited
severe masonry crushing as the load approached its peak. Extensive cracking in the
masonry was concentrated near the upper loading point with failure occurring just
above the top loading plate (Figure 6-10). This was in agreement with the cross-
sectional analysis results which indicated that the strain on the compression face

(0.0018) exceeded the masonry crushing strain (0.0016) (see Appendix §E.3.4).

From Figure 6-11, it can be noted that the load-displacement response of wall 4 was
similar to that of walls 1-3. Importantly, even though the reinforcement ratio of wall
4 was higher compared than walls 1-3, the peak load achieved was lower. This was

thought to be because of the lower bond strength due to FRP strip passing through
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perpend joints and premature failure of wall due to crushing. Consistent with the idea
that the bond strength was lower in wall 4, the maximum tensile strain recorded for

wall 4 was only 8189 pe which corresponds to 50% of the rupture strain.

20
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Figure 6-11: Load-displacement response of wall 4

Figure 6-12 and Figure 6-13 show the strain profile and shear stress distribution for
wall 4, respectively. To improve the resolution of strain distribution, four bricks in
wall 4 were heavily instrumented with seven strain gauges per brick. As expected
from the extrapolation of wall 2 results (Figure 6-6), higher strains at the crack
locations did occur (Figure 6-12). It can be noted that flexural cracks occurred at
almost all mortar joints at early stages of loading due to the low brick-mortar tensile
strength. This is indicated by strain being maximum at crack locations as tension is
resisted solely by the FRP at cracks. However, the strain in between the cracks (i.e.

bed joints) decreases as both the FRP and the masonry can resist the tensile strain.
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Figure 6-13: Shear stress distribution for wall 4

As the load gradually increased and reached its peak, the strain near the loading
points outside constant moment region changed to linear distribution signifying
unidirectional slip which is due to sufficient difference in the forces in the FRP at
adjacent crack locations. This enables large enough slip to form and allow the

debonding failure at the interface. This is in agreement with the experimental
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observations, where with increasing loads orientation of the cracks became uniform
towards the support and the debonding failure occurred in the shear spans where
changes in moment exist. It is interesting to note that in the constant moment region,
although the maximum strain exists in this region there is no such change in the
strain profile probably as forces in the FRP at the adjacent crack locations are
opposite in direction and similar in magnitude.Note that as only alternate bricks were
strain gauged for wall 4 due to the FRP strip passing through perpend joints, a
continuous stress profile could not be calculated. Nevertheless, it can be seen from
Figure 6-13 that at early stages of loading the shear stress reversals occur within each
brick due to cracks formed at the mortar joints. Also, due to the additional strain
gauges used for this wall a more realistic picture of wall behaviour including signs of

micro-cracking and softening at the interface could be captured.

6.2.5. Wall5

This wall was the first tested as part of a group of walls that were used to investigate
the effect of FRP strip spacing (walls 5, 6 and 8 - §6.3.2) and reinforcement ratio
(walls 5 and 9 - §6.3.5). Wall 5 had the nominal masonry dimensions of 1070 x 2310
x 110 mm (width x height x thickness). Wall 5 was retrofitted on one face with one
FRP strip having cross-sectional dimensions of 7.2 mm (i.e. six 1.2 mm layers
adhered together) x 10 mm, corresponding to p = 0.061%. The maximum recorded
values for Wall 5 were &,,,, = 6998 pe; A, =49.2 mm and Fy,.x = 17.1 kKN. However,
the maximum strain recorded during the tests was only 42% of the rupture strain,

indicating that the FRP was not used very efficiently.

Figure 6-14 shows the test specimen at failure. As can be seen, the main failure mode
was IC debonding although IC debonding did not fully develop in the top half of the
wall. In this region, the diagonal cracks that were formed at initial loading then
intersected with the perpend joints at the end of the bricks on each side of the FRP
strip (perpend shear failure) (Figure 6-14 (b)). This defined a new plane of weakness
with the cracks in the perpends continuing in a vertical line through the brick units

above each perpend joint. At this point, the vertical in-plane shear strength of the

106



Chapter 6 — Wall Bending Tests —Results and Discussion

masonry was unable to carry any more force so the strip and the masonry

commenced to fail with fairly large pieces of brickwork attached.

(b) Perpend shear
failure

(c¢) Tensile spitting of masonry
units on compression face

"

(d) Curvature incompatibility

Figure 6-14: Failure pattern for wall 5

Another potential failure mechanism for which some early signs were observed was
tensile splitting of the masonry units along a vertical line on the compression face of
the wall opposite the FRP strip (Figure 6-14(c)). It is thought that this can be avoided
by keeping the compression face strain well below the masonry crushing strain of
0.0016. From the cross-section analysis for wall 5 using the maximum FRP strain
from the test data, the compressive strain was estimated to be 0.0010 (Appendix

§E.3.5).

At final failure, the FRP strip popped out of the tension face of the bottom half of the
wall (Figure 6-14(d)). By virtue of the large FRP cross-section used in wall 5, the
force in the strip so was high that it may have contributed to the onset of perpend

shear failure and tensile splitting cracks on the compression face. Therefore, it
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appears that the use of the larger size strip and spacing used in this wall made it more

susceptible to the above mentioned failure mechanisms other than IC debonding.

As seen from the load-displacement response of wall 5 (Figure 6-15), debonding
initiated at approximately 10-12 kN after which the reduction in strength and
stiffness of the member became more apparent. The IC debonding resistance (Pic)
from the corresponding pull test (with similar strip dimensions) was used to predict
the applied load at the onset of debonding, Fic (refer Appendix §E.4.1 for
calculations). The cross-sectional analysis indicated that for wall 5 debonding would

initiate at about 12 kN which is in agreement with the experimental observation.
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Figure 6-15: Load displacement response for wall 5

Figure 6-16 and Figure 6-17 show the strain and shear stress distributions,
respectively, for wall 5. It can be noted that flexural cracks, indicated by peaks in the
strain profile, occurred at mortar joints as early as 2.5 kN of loading. As the load
approaches the peak load, the mid-height region shows a nearly constant strain

profile indicating full debonding in that region.
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Figure 6-17 shows the shear stress distribution for the top half of wall 5. The
maximum bond stress was calculated to be 12 MPa and was lower than the 14.8 MPa
calculated from the pull test with similar strip size (P1-P4). As seen in Figure 6-17, at
early loading shear stress reversals can be observed near the wall mid-height whereas
the bricks near the support had not yet been fully engaged. As the load approached
its peak value of 17 kN, the shear stress near the wall mid-height reduced. However,
the stress does not reduce to zero (corresponding to full debonding) at the peak load

due to a residual friction component of shear stress. As expected, the maximum shear
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stress shifts towards the support as load increased confirming that debonding

propagated the from mid-height towards the wall supports.

As mentioned in §5.6.2, MVGs and strain gauges were placed across mortar bed
joints for the first time in wall 5 to try and detect the onset of cracking. Figure 6-18
shows the crack development using the MVGs and strain gauges. It can be noted that
the loads corresponding to cracking initiation from the strain gauges and MVGs are
reasonably consistent. The small variations between the two readings can be
attributed to the propagation of crack from one point to another and to the slight

offsets between the position of the strain gauges and MVGs.
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Figure 6-18: Crack development in wall 5
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6.2.6. Wall 6

This wall was retrofitted on its tension face with two 4.8x7.5 mm FRP strips. The
FRP reinforcement ratio used in wall 6 was same as wall 5 (0.061%) but the strips
were spaced symmetrical about the wall centerline 535 mm apart. . Wall 6 had
maximum recorded values for gna = 10989 pe; Ay= 70 mm and Fp,,x= 27 kN which
were all noticeably higher than for wall 5. The maximum strain recorded during the
test was observed to be approximately 67% of ¢, indicating much better use of

reinforcement as compared to wall 5.

As can be seen from Figure 6-19, IC debonding from masonry started at a flexural
crack at wall mid-height and propagated towards the support with the usual
herringbone cracking pattern (Figure 6-19(a)). The debonded strip had some masonry
residue attached to it (Figure 6-19(d)) show that debonding failure was at FRP-
masonry interface. While the other failure mechanisms observed during testing for
wall 5 were also seen for wall 6, they were significantly less pronounced. For

example, perpend shear failure was limited to just a few bricks (Figure 6-19(b)).

Figure 6-20 shows the load-displacement response for wall 6. In comparison to wall
5, distribution of FRP along the wall resulted in a stiffer load-displacement response
with a significant increase in strength (from 17 to 27 kN) and maximum
displacement (from 49 to 70 mm). The overall improved behaviour compared to wall
5 was due to the reduced strip spacing and strip cross-section (> Lper in wall 6). As
shown in Figure 6-20, the onset of debonding was approximated at the point (20-23
kN) where the load-displacement response changes slope (i.e. starts to soften). This
is comparable to the predicted value of the IC debonding load (22 kN). Refer to
Appendix §E.4.2 for calculations.
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Figure 6-19: Failure pattern for wall 6
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Figure 6-20: Load displacement response for wall 6
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Figure 6-21 and Figure 6-22 show the strain and shear stress distribution for wall 6.
It can be noted that considerable strain and stress was developed along the FRP-
masonry interface at early stages of loading (5-10 kN) except over the few bricks

near the support brick where the bond had not yet been fully engaged.
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Figure 6-22: Shear stress distribution for wall 6

As the load increased, strain variations within a brick decreased (Figure 6-21) with
the corresponding stress profile (Figure 6-22) showing unidirectional shear with
propagation of micro-cracking and softening towards the support. At peak load, the

strain profile (Figure 6-21) shows a mostly linear change of force in the FRP
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indicating more or less full debonding. The maximum shear stress was noted as 9.15
MPa. This was noticeably lower than the 13.5 MPa calculated from the

corresponding pull test with similar strip dimensions.

6.2.7. Wall7

This wall was retrofitted on the tension face with three FRP strips each having a
cross-section of 3.6 mm (i.e. three 1.2 mm layers adhered together) x 10 mm. The
FRP reinforcement ratio used in wall 7 (0.092%) was 50% higher than in wall 6
(0.061%) and the strip spacing was 357 mm. As can be seen from Figure 6-23, wall 7
failed by IC debonding with herringbone cracking patterns along all three strips. At
the final failure, the strip popped out of the wall (Figure 6-23) as seen in wall 5 and
wall 6. The maximum recorded values for wall 7 were ¢,,,, = 11889 pe; A,y =75.7
mm and Fy,.x =41 kN. The maximum strain recorded during the tests was observed
to be approximately 72% of the rupture strain indicating more efficient use of

reinforcement than for wall 5. This is further discussed in §6.3.2.

Figure 6-23: Failure pattern for wall 7
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As shown in Figure 6-24, stiffness of the load-displacement response changed as
debonding initiated at 35-38 kN (matches with the predicted Fic of 35 kN — refer to
Appendix §E.4.3) and the specimen starts to soften with diagonal cracking and
debonding progressing from the mid-span flexural crack towards the supports,
resulting in strength and stiffness reductions of the member. After reaching a load of
41 kN at a displacement of 75 mm the final failure occurred. Although, this wall had
a 50% higher reinforcement ratio compared to wall 5 and 6, its much improved
behaviour in terms of strength and displacement capacity and other failure

mechanisms can also be attributed to the reduced strip spacing.
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Figure 6-24: Load displacement response for wall 7

Figure 6-25 and Figure 6-26 shows the strain and stress distributions for wall 7 along
the outer and central FRP strip. As can be seen from Figure 6-25, the strain
distribution for the central strip is not continuous. This is because one of the strain
gauges was faulty. It can be noted that the strain profiles along the outer and central
strip match reasonably well, indicating more or less uniform bending across the
wall’s width. Peaks in strain at the mortar joints and troughs within the brick units
can be noted at early stages of loading. However, as only three strain gauges per
brick were used the peaks are not very clear. As the load increased and approached
its peak, debonding progressed along the strip indicated by a nearly linear strain

profile.
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Figure 6-26: Shear stress distribution for wall 7

Figure 6-26 shows the shear stress distribution for wall 7. Signs of shear stress
reversals were observed at early loads along the length of FRP except over the last
few bricks which had not yet been fully engaged. As the load increased, stress
reversal progressed towards the support indicating debonding propagation from mid-
height to the support. Ultimately, signs of micro-cracking could not be captured as
only three strain gauges per brick were used giving only two calculated shear stress

values per brick.
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6.2.8. Wall 8

This wall was retrofitted on the tension face with three 4.8 mm (i.e. four 1.2 mm
layers adhered together) x 5 mm FRP strips. Hence, this wall had the same
reinforcement ratio (0.061%) as walls 5 and 6. Figure 6-27 shows the test specimen
at failure where it can be seen that the main failure mechanism for wall 8§ was IC
debonding at the FRP-masonry interface. However, an in-plane shear crack, parallel
to the FRP strip and aligned with the perpend joints nearest to the strip, developed
during this test. This was very noticeable, particularly in the top half of the wall for
the strip at the centre (Figure 6-27(a)). These cracks spanned the thickness of the

wall, and were also observed on the compression face (Figure 6-27(b)).

(a) Front view (b) Compression face
Figure 6-27: Failure pattern for wall 8

Wall 8 had maximum recorded values of &, = 12445 pe; A, =78.9 mm and
Fiax = 36.6 kN. The maximum strain recorded during the tests was observed to be
approximately 76% of the rupture strain indicating efficient use of reinforcement. As

seen in Figure 6-28, the load-displacement response for wall 8 showed a reduction in
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strength and stiffness as the load increased and debonding progressed along the FRP

strip.
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Figure 6-28: Load displacement response for wall 8

As the load approached the peak value (36.6 kN), the load-displacement curve
plateaued with very little increment in load from displacement of 65 mm to A, - 79
mm indicating complete debonding. Although, this wall had the same total amount of
reinforcement as walls 5 and 6, its much improved behaviour in terms of stiffness,

strength and displacement capacity can be attributed to the reduced strip spacing.

6.2.9. Wall9

This wall was retrofitted on its tension face with a single 3.6 mm (i.e. three 1.2 mm
layers adhered together) x 10 mm FRP strip corresponding to a reinforcement ratio of
0.031%. The maximum recorded values for Wall 9 were &, = 9473 pe; Ay =61.2
mm and Fp,,x = 12.4 kN. (Figure 6-29).

As can be seen from Figure 6-29, the failure mechanism was through IC debonding
although the herringbone cracking pattern had not fully developed. In the upper half
of the wall, some perpend shear failure was observed whereas in the lower half

stepped cracking was observed. Such wall behavior was considered to be due to the
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large strip spacing used. The effect of strip spacing is discussed in §6.3.2.The
maximum strain for wall 9 was observed to be approximately 58% of ¢,,,. Note that
this was higher than maximum strain recorded for wall 5 (43% of &,,,) which had

double the reinforcement ratio (0.061%). This is discussed further in §6.3.5.

Figure 6-29: Failure pattern for wall 9

Figure 6-30 shows the load-displacement response for wall 9. Similar to the
previous walls there was considerable reduction in stiffness after the initial tensile
crack at mid-height occured in the masonry at approximately 2 kN. The overall
response was less stiff than for wall 5 which also had a single strip but had twice the

reinforcement. This is discussed in detail in §6.3.5. The cross-sectional analysis
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predicted the onset of debonding at about 12 kN which is the maximum load for wall
9. This was probably due to the fact that the wall did not attain its full debonding
capacity due to the single strip configuration resulting in other failure modes as

discussed earlier.
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Figure 6-30: Load displacement response for wall 9

Figure 6-31 and Figure 6-32 show the strain and shear stress distributions for wall 9,
respectively. As can be seen from these plots, some readings are missing due to
strain gauge malfunction so could not be used for shear stress calculations. At 5 kN
signs of shear reversals (Figure 6-32) can be noted for few bricks near wall mid-
height. As load increases (10 kN), strain variation within a brick happens at
decreased rate with corresponding stress profile showing unidirectional shear. At
peak load (12 kN) linear change of force in the FRP and reduced shear stress can be

observed for few bricks near wall mid-height region.
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6.2.10. Wall 10

For walls 10-15, the reinforcement ratio was kept constant at 0.071% with all walls
retrofitted with two FRP strips, each having a cross-sectional dimension of 4.2 mm
(i.e. three 1.4 mm layers adhered together) x 10 mm. Wall 10 was subjected to a
vertical pre-compression load of 0.1 MPa and monotonically loaded to failure . Wall
10 failed by IC debonding at the FRP-masonry interface as shown in Figure 6-33(a)

although some tensile splitting of masonry units was also observed along a vertical
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line on the compression force of the wall opposite to the NSM strip (Figure 6-33(b)).
This was thought to be due to the plane of weakness caused by the FRP strip on

opposite face.
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(a)Tension face (c) Side view showing crack height

Figure 6-33: Failure pattern for wall 10

Maximum values recorded during the test for wall 10 were g, = 11092 peg;
Ayr=69.3 mm and Fp,x=30.8 kN. The maximum strain recorded during the tests
was approximately 68% of the enp. Figure 6-34 shows the load-displacement
response for wall 10. In comparison to wall 6, the vertical axial load resulted in a
stiffer load-displacement response with a slight increase in strength (about 15%) and
a small reduction in maximum displacement (5%). For all walls 10-15, initiation of
full debonding was predicted at a load of about 21 kN as similar strip configuration

(i.e. two 4.2 x10 mm strips) was used for these walls.
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Figure 6-34: Load displacement response for wall 10

Figure 6-35 and Figure 6-36 show the strain and shear stress distributions for wall
10. Considerable strain and stress was developed along the FRP-masonry interface
at early stages of loading (<10 kN) except over the few bricks near support brick
where the bond had not yet been fully engaged. At a load of 15-20 kN , the strain and
shear profiles show signs of softening stage for the almost entire wall length. At the
peak load of 30kN there is noticeable degradation in the FRP-to-masonry bond with
almost linear strain (Figure 6-35) and no shear reversals (Figure 6-36) indicating full

debonding.
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Figure 6-36: Shear stress distribution for wall 10

Figure 6-37 shows force in the strip vs. crack width plot at different bed joints near
wall mid-height. The FRP force was calculated from the recorded strains in the FRP
strip. As mentioned earlier in §5.6.2, the MVGs used in previous walls did not
provide information about crack behavior after opening and so these were replaced
by LVDTs. Three LVDTs were used in wall 10 for the first time and were placed at
the three bed joints above the central brick (wall mid-height). Here crack 1 refers to
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the bed joint crack immediately above the wall mid-height, crack 2 refers to the bed
joint crack above crack 1 and so on (refer Figure 6-33). The secondary axis in Figure

6-37 shows the applied load on the wall.

Global load-slip pull test data was compared to the experimental crack width data for
wall 10 (Figure 6 37). This investigation led to the important conclusion that a strong
correlation exists between the force in an FRP strip vs. crack width at a bed joint in
the wall and the corresponding pull test load-slip response up to omax. From Figure 6
37, it can be seen that the stiffness of the pull test curve closely matches the initial
wall crack stiffness with the pull test result giving a lower bound estimate of the IC

debonding force for the FRP in the wall test.
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Figure 6-37: Load-slip behavior at bed joint for wall 10

It can be noted from Figure 6-37 that cracks 2 and 3 had similar initial stiffness and
were slightly stiffer than crack 1. This difference in stiffness is probably just due to
material variability. As the applied load approached its peak value of 30.8 kN, the
crack at bed joint one (crack 1) opened up rapidly whereas cracks 2 and 3 began to
close indicating full debonding (Figure 6-38). It is interesting to note that the width
of the central crack (crack 1) was almost twice the width of the other cracks. This

behavior was further studied in other walls.
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6.2.11. Wall 11

Wall 11 was subjected to cyclic loading and as Figure 6-39 shows, failed by IC
debonding although some evidence of perpend shear failure was noticed near the left
FRP strip on both faces and was more prominent in the top half of front face (Figure
6-39(a)). At failure, once debonding cracks had propagated towards the supports, a
small portion of the right-hand strip popped out of the wall. The maximum recorded
values were €4 = 9951 pe; Ay =+53.7/-64.5 mm and Fy,.x=+27.3/-27.6 kN. The

maximum strain recorded during the tests was approximately 61% of the &,,.

Figure 6-40 shows the load-displacement response for wall 11. Degradation of
stiffness was observed after each cycle of loading however, very little degradation of
the bond was observed until the peak load of 27.5kN was reached. After the peak
load, rapid bond degradation occurred. This is more clear in Figure 6-41, where each
line represents the force in the FRP strip versus crack width for successive cycles in
the positive direction. As can be seen from Figure 6-41 , minimal bond degradation
was observed before the peak load was applied, as indicated by the closely spaced

hysteresis loading lines to the left of peak load line.
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(a) Front of wall (b) Back of wall
Figure 6-39: Failure pattern for wall 11
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Figure 6-40: Load displacement response for wall 11
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Figure 6-41: Force in the strip vs. crack width at crack 1 for wall 11

As mentioned in §5.6.1, in the top half of wall 11 alternate strips on each face were
strain gauged with three gauges per brick which allowed the behaviour of the strips
on both faces of the wall to be monitored. Figure 6-42 shows the comparison of
strain values for equivalent loads but opposing deflections (e.g., 3kN and -3kN for
two different displacement cycles of wall 11. As indicated from these plots, minimal
differences were found between strip strains on the front and back face throughout all
stages of loading. This confirmed that similar debonding process occurred on both

sides of the walls subjected to cyclic loading.

As can be seen in Figure 6-43, all cracks had similar initial stiffness (up to 15 kN
applied load). Similar to wall 10, the bed-joint crack width at crack 1 kept increasing
as the peak load (27.3 kN) was approached whereas the other cracks (2-5) started
closing. Furthermore, the crack at bed joint 2 on front and back (crack 2-B) of the
wall showed similar behaviour indicating little difference between the debonding

process of the strips on either face.
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Figure 6-43: Load-slip behavior at bed joints for wall 11
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6.2.12. Wall 12

Wall 12 was subjected to cyclic loading under a vertical pre-compression of 0.1MPa.
As Figure 6-44 shows, wall 12 failed by IC debonding while onset of perpend shear
failure was also noticed on both faces of the wall. As the load approached its peak
value of 29 kN, debonding progressed towards the supports, and one FRP strip
completely debonded, popping out of the wall resulting in a sudden explosive failure
of the specimen. The recorded maximum values were &, = 9531 pe; A= +56.8/-53
mm and Fx=+28.9/-29.1 kN. The maximum strain recorded during the tests was

approximately 58% of &,.,p.

(a) Front of wall (b) Back of wall

Figure 6-44: Failure pattern for wall 12

Figure 6-45 shows the load-displacement response of wall 12. Similar to wall 11,
only a small degradation of the bond was observed until peak load after which the
bond degradation increased rapidly causing larger displacement without much

increase in applied load.
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Figure 6-45: Load displacement response for wall 12

Figure 6-46 shows the crack development in wall 12. The LVDT placed on bed-joint

2 was broken and hence, no readings could be recorded for crack 2. Similar to walls

10 and 11, the central crack opened up significantly more than the other cracks with

them reducing in width once the peak load

was reached. As for previous walls, the

corresponding bond pull-test provided a good, lower bound estimate of the FRP force

vs. crack width response in the wall.
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Figure 6-46: Load-slip behavior at bed joints for wall 12
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6.2.13. Wall 13

Wall 13 was unique in the sense that it was tested with cyclic loading even though it
only had NSM reinforcement on one face of the wall. It was tested like this in order
to show the wall’s behaviour in its ‘strong’ and ‘weak’ direction. Similar to wall 10,
wall 13 failed by IC debonding (Figure 6-47(a)) with vertical cracks observed on the
compressive face directly behind the FRP strips on the tension face (Figure 6-47(b))
with significant cracks at bed joints (Figure 6-47(c-1)). The crack height as seen from
Figure 6-47(c-ii) was almost equal to the wall thickness. The recorded test values

Were &pqy = 11175 pe; Ay = 69.4/-57 mm and F, = +30.2/-1.5 kN.

(ii) At failure
(a) Front face (b) Back face (¢) Back face
Figure 6-47: Failure pattern for wall 13

The load-displacement response of wall 13 (Figure 6-48) shows the difference
between the strong and weak direction strength and is representative of the amount of
strength increase that was achieved for all of the NSM CFRP reinforced walls. This
wall could also be representative of one leaf a cavity wall where the reinforcement
may be applied to the outer face of each leaf. In spite of being cyclically loaded and
reinforced on one side only, the strength and displacement capacity of wall 13 was

higher than wall 11 which was reinforced on both sides.
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Figure 6-48: Load displacement response for wall 13

Wall 13 was instrumented with 5 strain gauges per brick (§5.6.1). Figure 6-49 and

Figure 6-50 show the strain and stress distributions. As seen for the other walls,

these plots show clear signs of shear stress reversals within bricks at low load,

softening as the loading progresses with

initiation of debonding occurring at

approximately 20-25 kN (Figure 6-50). At peak load the strain profile (Figure 6-49)

near the mid-height was almost constant and linear for the remaining portion of the

wall indicating that the strip had debonded

for the entire wall length except for the

last brick near support. This can also be noted from the stress profile (Figure 6-50).

As seen from Figure 6-50, the maximum shear stress was 8 MPa during first cycle of

peak load.
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Figure 6-51 shows the crack development in wall 13. Overall, the crack behavior
was similar to that for the previous walls except that the crack at bed-joint 1 started

to close after peak load and had much lower stiffness compared to the other cracks.

This could be attributed to fact that wall 13 was reinforced only on one side. Notably,
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comparison between crack 2 on the front and back faces demonstrates the

effectiveness of the NSM CFRP reinforcement (Figure 6-51).
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Figure 6-51: Load-slip behavior at bed joints for wall 13

6.2.14. Wall 14

Wall 14 was monotonically loaded and subjected to vertical pre-compression of 0.2
MPa. Wall 14 failed by IC debonding as shown in Figure 6-52(a). The maximum
recorded test values were &, = 10552 pe; Ay, =52 mm and F, = 29.7 kN with the
maximum strain observed to be approximately 64% of ¢,,,. Unlike walls 6 and 10,
herringbone debonding cracking in wall 14 was limited to 4-5 brick courses above
and below the mid-height. This was probably due to the higher applied axial load
resulting in stiffer member due to delayed tensile cracking. This is further discussed
in §6.3.3. However, tensile splitting was still observed on the compression face

(Figure 6-52(b)) as was noted for walls 6 and 10.
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(a) Tension face (b) Compression face
Figure 6-52: Failure pattern for wall 14

As shown in Figure 6-53, the load-displacement response for wall 14 was not very
ductile. In comparison to wall 6 (axial load = 0), Wall 14 with an axial load of 0.2
MPa had a stiffer load-displacement response with a 10% increase in strength and
approximately 25% reduction in displacement in comparison to wall 6. The change

in slope at a load of 20-25 kN was thought to correspond to the onset of debonding.
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Figure 6-53: Load displacement response for wall 14
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Figure 6-54 and Figure 6-55 show the strain and shear stress distributions for wall

14. Shear reversals were seen at early stages of loading due to cracks occurring at

every bed joint except over the few bricks near support brick. With increasing loads

(20-25 kN), signs of softening and debonding can be seen in Figure 6-54 and Figure

6-55.

12000

10000

Strain (10°%)
2 g
= =

PN
(=
(=
=]

2000

0

10

29.7 kKN Mortar joints
x\/\ﬂ
2
5 kN\ ‘-\\\
20 kN /\”\_\
~_ =
15 kN .
S é—\\a\\
N\
10 KN
S \/\/\" %&QL\
N
5 kN | \/\/Bg\a\_

989 1075 1161 1247 1333 1419 1505 1591 1677 1763 1849 1935 2021

Distance from Bottom of Wall (mm)
Figure 6-54: Strain distribution for wall 14

wn

A
\ \
\ K ‘\
\ \
\

\
\
] ]
\

989

Shear Stress (MPa)
[—]

1
(9]

YT VT ‘\
763 1849 1935 2

9

e =

T ‘\ T “‘\d ‘
1075 |11 33 1419 (1505

021

—10kN --20kN —29.7kN

Distance from Bottom of Wall (mm)
Figure 6-55: Shear stress distribution for wall 14

137



Chapter 6 — Wall Bending Tests —Results and Discussion

Figure 6-56 shows the force in the FRP strip vs. crack width for wall 14 from six
LVDTs placed at the bed joints above the central brick (Figure 6-52). As can be seen
in Figure 6-56, all cracks had similar initial stiffness. Further, as the load approached
its peak value (29.7 kN), the crack widths at bed-joints 1 and 2 kept increasing
whereas the other cracks start closing. It is interesting to note that width of crack 1 in
wall 14 was almost twice that of crack 1 in wall 10. This could be possibly due to the

increased pre-compression for wall 14.
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Figure 6-56 Load-slip behavior at bed joints for wall 14

As before it can be seen (Figure 6-56), that the stiffness of the pull test curve closely
matches the initial crack stiffness with the pull test giving a lower bound estimate of

the IC debonding resistance for FRP strips in a wall.

6.2.15. Wall 15

Wall 15 was loaded with a vertical pre-compression of 0.2MPa and then subjected to
cyclic loading. As shown in Figure 6-57, wall 15 failed by IC debonding. The
maximum recorded test values were &, = 8212 pe; Ay=+57/-51.8 mm and
Fiax = 127.8/-26.6 kN with the maximum strain observed to be approximately 50%

of &,,,, hence indicating that reinforcement was not used very efficiently.
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(a) Tension face (b) Compression face
Figure 6-57: Failure pattern for wall 15

Figure 6 58 shows the load-displacement response of wall 15. Similar to the other
cyclic tests, very small degradation of the bond was observed until peak load.
However, it was noted that the increased pre-compression did not have much effect

on the wall’s behavior.

Predicted onset
of debonding

Mid-height deflection (mm)
Figure 6-58: Load displacement response for wall 15
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Figure 6-59 shows the crack development in wall 15. Notably, the responses of crack
2 on the front and back faces were quite comparable indicating similar behavior on
either face. Similar to walls 10, 11, 12 and 14, the central crack was almost four to
five times wider than the other cracks while the others cracks started closing after the
peak load was attained. Unlike other walls, the maximum force recorded in the strip
was similar to the pull test load-slip data and had the lowest failure load for all three

cyclic tests.
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Figure 6-59: Load-slip behavior at bed joints for wall 15
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6.3. Discussion of Test Results

The wall bending tests results are summarised in Table 6-1 where Fy,.x refers to the
maximum applied load, ¢, refers to the maximum strain recorded in the FRP strip
during the test; A, refers to the maximum displacement; P, is the maximum force
measured in the FRP strips during tests; and a., refers to the equivalent horizontal
acceleration, to cause F.x and aymy 1s the horizontal acceleration corresponding to the
unreinforced flexural strength of each wall, Fy,,. The observations and data relating

to the research objectives are discussed in detail in the following sections.
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Table 6-1: Tests results

Wall ssitzr:p Emax Frnax A it (+v€) | Emax/Erupt | Aexp/aurM | Liper/strip ITJ::ral Pesp/strip | Peyp/Lper E‘::l‘;i
*S/C | (mm) (ne) (kN) (mm) (%) (mm) (mm) [ (kN) (kKN/mm

@ 1@ 3) 4 S (6) ™ 3 9) (10 @an

1S | 3.6x10 [0.00983 |18.6 - 60.0 14.3 27.6 27.6 58.4 2.1 IC+MC
2S [ 3.6x10 [0.00998 |18.5 36.6 60.9 14.2 27.6 27.6 59.3 2.1 IC+MC
3C | 3.6x10 [0.00829 |15.6 30.3 50.6 12.0 27.6 27.6 49.3 1.8 IC+MC
4S | 3.6x10 [0.00818 |15.6 27.6 49.9 18.6 27.6 27.6 48.6 1.8 IC+MC
58 | 7.2x10 |0.00699 |17.1 49.2 42.7 7.5 31.2 31.2 83.1 2.7 IC+VS
6S | 4.8x7.5 | 0.01098 |27.0 70.0 67.0 11.9 23.8 47.6 65.3 2.7 IC+VS
7S | 3.6x10 |0.01188 |41.0 75.7 72.5 18.1 27.6 82.8 70.6 2.6 IC+VS
8S | 4.8x5.0 | 0.01245 |36.6 78.9 75.9 18.2 18.8 56.4 493 2.6 IC+VS
9S | 3.6x10 |[0.00947 |12.4 61.2 57.8 6.2 27.6 27.6 56.3 2.0 IC+VS
10S [4.2x10 [0.01109 |30.8 69.3 67.6 12.7 28.2 56.4 76.9 2.7 IC+VS
11C [4.2x10 [0.00995 |27.3/-27.6 |53.7/-64.5 | 60.7 13.6 28.2 56.4 69.0 2.4 IC+VS
12C [ 4.2x10 [0.00953 |28.9/-29.1 | 56.8/-53.0 | 58.1 11.9 28.2 56.4 66.0 2.3 IC+VS
13C | 4.2x10 [0.01117 [30.2/-1.4 |69.4/-57.0 | 68.1 15.0 28.2 56.4 77.4 2.7 IC+VS
14S | 4.2x10 [0.01055 |[29.7 52.0 64.3 10.4 28.2 56.4 73.1 2.6 IC+VS
15C | 4.2x10 |0.00821 |[27.8/-26.6 | 57.0/-51.8 | 50.1 9.5 28.2 56.4 56.9 2.0 IC+VS

* S — monotonic loading; C — quasi-static cyclic loading

** IC - intermediate crack debonding; MC — masonry crushing; VS — vertical in-plane shear failure
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The efficiency in use of the CFRP material for each wall was determined using the
recorded &, during the tests expressed as a % of the rupture strain (Column 6 in
Table 6-1). In all tests, wall failure was by IC debonding. Due to the high
reinforcement ratios used in walls 1-4, their failure mechanism was a combination of

masonry crushing and IC debonding.

6.3.1. Comparison with Vertical Bending Capacity of URM

Based on the applied axial load conditions for the retrofitted walls, the unreinforced
flexural strength of each wall, My, was calculated along with the equivalent
horizontal acceleration, a,m, that would be needed to cause the respective moment.
The vertical bending moment capacity of an unreinforced masonry section, My, 1S
defined by Eq. 6-1(where: @ = capacity reduction factor ; kn,;=bending moment
capacity factor; f’n, = characteristic flexural tensile strength of the masonry;
fa = design compressive stress; and, Zg = section modulus of the bedded area). This
also accounts for the different specimen widths. Using mean instead of characteristic
values, and setting @ and ki, = 1.0, the values of M and aym (Eq. 6-2) for the walls

were calculated. Refer Appendix §E.5 for detailed calculations.

M, = @ Kooy Ty Za + 14 Z4 Eq. 6-1
o =M Eq. 6-2
urmx Hztﬂ/W

As can be seen from Column 7 in Table 6-1, a significant increase of approximately
6 to 20 times in flexural strength is possible even with the very small reinforcement
ratios used in these URM walls. This can also be noted from result of wall 13 which
had a 30 kN strength in its ‘strong’ direction whereas its ‘weak’ direction strength
was only 1.4 kN. Further, ac, in all the walls is substantially higher than that
required for normal seismic design situations and hence, highlights the effectiveness
of the retrofitting scheme used for the bending tests. The increase in the strength due

to retrofitting varied depending on the other test variables such as reinforcement
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ratio, applied axial load and strip spacing. The effect of these test variables is

discussed in the following sections §6.3.2 to §6.3.5.

6.3.2. Effect of FRP Strip Spacing

Three walls (5, 6 and 8) were tested covering three different effective strip spacings.
The same total amount of FRP reinforcement (72 mm?) was used in each of the three
test walls. The load versus mid-height displacement response for these three walls is
given in Figure 6-60. As can be seen, the only difference was that Wall 5 had a
single CFRP strip (7.2 mm x 10 mm) in the 1070 mm wide wall, Wall 6 had two (4.8
mm x 7.5 mm) CFRP strips spaced at 535 mm, and wall 8 had three (4.8 mm x 5
mm) CFRP strips spaced at 357 mm.

40 1 Wall 8 - 3 strips at 357mm

A

Applied Load (kIN)
N
[—]

[a—y
<

0 T T T T 1
0 20 40 60 80 100

Mid-height Displacement (mm)
Figure 6-60: Load-displacement response showing effect of FRP strip spacing

From the test results (Table 6-1), it can be seen that there was a significant increase
in both strength (approximately 17 to 37 kN) and displacement capacity
(approximately 45 to 79 mm) when the FRP reinforcement was distributed more
evenly. That is, using three strips with 24 mm? each spaced evenly (357 mm) across
the width of wall 8 was much more efficient use of the 72 mm” total of FRP than for
wall 5 which lumped all 72 mm?® of FRP into a single strip. Further, wall 5 had a

single strip which is harder to engage the entire width of the wall on the compression
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face compared to wall 6 and wall 8 due to the smaller effective width i.e. the width of
the compressive zone which results in a total force equal to the tensile force in the

FRP.

The total surface area of FRP that was bonded to the masonry for wall 8 (L, = 56.4
mm) was nearly double that for wall 5 (L, = 31.2 mm) (see column 9, Table 6.1).
Notably, the maximum force measured in the FRP strips during tests (Peyp/strip) are
given in column 10, Table 6-1where the strip forces are smaller for the smaller strips
due to the strip cross-section but when normalized by the bonded length L., the
value of Peyxp/Lyer 1s fairly consistent for all three walls ranging between 2.62 and 2.74
kN/mm (Column 11, Table 6-1). Finally, the most efficient use of the CFRP material
was also achieved in wall 8 where the maximum tensile strain recorded during the

tests was observed to be 76% of the rupture strain (Column 6, Table 6-1).

As mentioned in section §6.2, vertical in-plane shear failure and curvature
incompatibility were also observed. Notably, wall 5 was more susceptible to these
failure mechanisms because of the larger strip cross-section resulting in higher
flexural rigidity and greater force in strip (83.1 kN) than either of the other two walls
(65.3 and 49.3 kN) (see Column 10, Table 6-1). Fewer large strips at greater spacing
can lead to inefficient use of the reinforcement and can change the failure mode from
intermediate crack debonding to one where an in-plane shear crack, parallel to the
strip develops in line with the perpend joints nearest to the CFRP strip. It was

concluded that for any larger strip spacings, this failure mechanism would govern.

6.3.3. Effect of vertical Pre-Compression

Effects under Static Loading Conditions

To investigate the effects of an applied pre-compression on the behaviour of FRP
retrofitted masonry under monotonic loading, three walls (walls 6, 10 and 14) were
tested with pre-compression ranging from zero to 0.2 MPa. As seen from the global
load-displacement response for the walls (Figure 6-61), increasing the axial load
resulted in the increased stiffness and approximately 10-15% increase in flexural

strength. However, there was about 15-30% reduction in the displacement capacity.
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This was expected as the applied axial load makes the member stiffer as the flexural
cracks are restrained by the combinations of the bond strength and the applied
compressive load and hence, delaying the crack propagation. As discussed in §2.5.3,
a study by Korany and Drysdale (2006) also showed similar results but the amount of
strength increase was much higher compared to this study which was probably due to
their higher applied pre-compression as well as the fact that the walls were laterally

supported on all four edges.
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Figure 6-61: Effect of variable axial loads under static loading

Further, in order to study the effects of an axial load on the bond behaviour, the
measured crack widths for walls 10 and 14 were compared (Figure 6-62). There was
no crack width data recorded for wall 6. All cracks had similar initial stiffness except
the first crack for wall 10 which had slightly lower stiffness and had twice the width
of the other cracks. Notably, for wall 14 both crack 1 and crack 2 opened further
after the peak load was attained compared to only one crack for wall 10 ((Figure
6-62). This could explain the difference in the crack widths for wall 10 and wall 14
as the sum of the first and second crack widths at failure is 4.0 mm for wall 14 was

similar to the width of central crack of wall 10 (4.1mm).
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Figure 6-62: Crack width comparison for wall 10 and wall 14

Effects under Cyclic Loading Conditions

To investigate the effects of pre-compression on the behaviour of FRP retrofitted
masonry under cyclic loading, three walls (walls 11, 12 and 15) were tested under
pre-compression ranging from zero to 0.2 MPa. The envelope of the cyclic load
displacement plots for the three walls are shown in Figure 6-63. The cyclic test
results were consistent with the static tests, showing a similar increase in stiffness
due to increased axial load. However, its effect on the strength and displacement
capacity was negligible. Figure 6-64 shows the crack comparison for walls 11, 12
and 14. Similar to the static tests all cracks had similar initial stiffness. Further, from
Figure 6-64 it can be noted that the force in the strip decreased with increased
applied axial load. Also, width of the central crack of wall 11 (c,=0 MPa) was lowest
in all three cyclic tests. This was different to that observed for static tests where the
crack width decreased with increase in axial load. Hence, effect of pre-compression

under cyclic loading was not very conclusive.
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Figure 6-63: Effect of variable axial loads under cyclic loading
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Figure 6-64: Crack behaviour of wall 11, 12 and 14

6.3.4. Effect of cyclic loading

In Figure 6-65, mirror images of the static load-displacement curve in the negative
direction have been used for comparison with the cyclic hysteresis plots. The static
curves envelope the cyclic test curves closely which suggest that cyclic load effects

are not substantial. This is in agreement with the findings from the literature (Kuzik
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et al. 2003; Ghobarah and Galal 2004; Korany and Drysdale 2006), as discussed in
§2.5.2.
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Figure 6-65: Effect of cyclic loading under different applied pre-compression

Overall, cyclic loading resulted only in small decrease in both strength and
displacement capacity, by 6-8% and 15-20%, respectively. This was attributed to
bond degradation due to cyclic loading as it destroys the mechanical interlock
between the FRP and the masonry. Notably, increased pre-compression resulted in
higher strength reduction but a smaller displacement reduction with increasing axial

loads (Figure 6-65).

6.3.5. Effect of reinforcement ratio

Figure 6-66 shows that the amount of FRP reinforcement used affects the overall

stiffness, strength and displacement capacity of a wall.
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Figure 6-66: Influence of reinforcement ratio

While evaluating the influence of reinforcement ratio, walls were selected such that
other variables were constant. As can be seen in Figure 6-66(a), for the one strip
configuration (walls 5 and 9), doubling the reinforcement ratio led to a 42% increase
in strength whereas for the three strip configuration (walls 7 & 8), a 50% increase in
reinforcement ratio resulted in only a 12% gain in strength. No linear co-relation was
observed. Further, it was noted that depending on strip spacing, an increase in
reinforcement ratio can affect the wall’s failure mechanism and ductility of the load-

displacement response of walls.
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Notably, Pey/strip (Column 10, Table 6-1) was smaller for walls with lower
reinforcement ratios but when normalized by the bonded perimeter, L., the value of
Pexp/Lper (Column 11, Table 6-1) was virtually constant for all walls ranging between
2.0-2.6 kN/mm, as shown in Figure 6-66(b). From Figure 6-66(a) it can also be noted
that the spacing of FRP strips has a greater influence on overall behavior of walls
compared to reinforcement ratio and hence, is a key factor for efficient use of CFRP
for retrofitting URM walls. For example, walls 5 and 8 in Figure 6-66(b) both have
the same reinforcement ratio (0.061%) but the three strip configuration (wall 8) is
roughly twice as strong as the single strip configuration (wall 5). This can also be
observed from Column 6 of Table 6-1, where €461 1s not strongly correlated to

reinforcement ratio but was significantly affected by strip spacing.

6.4. Summary

The results of this experimental study have demonstrated that NSM CFRP strips
designed to fail by IC debonding can provide substantial increases in strength of up
to 20 times the strength of the URM wall even with the very small reinforcement
ratios used in these walls (0.031% — 0.142%). The equivalent horizontal acceleration,
aexp corresponding to the failure load for the weakest of the FRP strengthened walls
was nearly 2.3g, well in excess of maximum acceleration of 0.5g required (by
AS1170.4) for out-of-plane loaded URM walls. Hence, these results highlight the
effectiveness of the NSM retrofitting scheme used for these wall bending tests.
However, the increase in the strength, efficient use of the CFRP material and failure
mode for retrofitted walls varied depending on the test variables such as
reinforcement ratio, cyclic loading, applied axial load and strip spacing. Further, it
should be noted that in FRP strengthened walls with rigid supports and low
slenderness ratio arching mechanism may occur. Due to arching effect, the increase
of wall capacity due to the FRP reinforcement may be considerably less than

expected. (Galati et al. 2007).

It was found that spacing of FRP strips has a greater influence on overall behavior of
walls than reinforcement ratio, cyclic loading and vertical pre-compression.

Importantly, a significant increase in strength and displacement capacity and hence,
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more efficient use of reinforcement was achieved when the FRP strips were
distributed more evenly (i.e. closer spacing). The test results for walls 5, 6 and 8
suggest that the maximum practical spacing (1070 mm) for the reinforcement ratio of
p = 0.061% was achieved as the failure mechanism showed signs of changing from
IC debonding mechanism to vertical in-plane shear failure through the perpends or
horizontal bending failure of the masonry between the FRP strips. Hence, for a given
reinforcement ratio there is a clear benefit in terms of strength and displacement

capacity by having more strips, in terms of decreased spacing.

Test results also showed that an increase in the amount of fiber reinforcement
increases the strength capacity but also slightly reduces the displacement capacity.
As expected the high reinforcement ratios used in walls 1-4 caused failure due to a
combination of masonry crushing and IC debonding. It is recommended to use
reinforcement ratios and spacings for strengthening URM walls that will avoid
failure mechanisms such as compressive failure of the masonry and tensile FRP

rupture.

The effects of increased axial pre-compression on flexural response of FRP
strengthened masonry were found to be minimal. Although, the axial load increased
the flexural stiffness of walls and the static strength capacity, it had a negligible
effect on strength and displacement capacity of walls under cyclic loading. Further
investigation into the effect of cyclic loading under different axial loads indicated
that compared to the monotonic tests, cyclic loading caused only slight reduction in
the strength and displacement capacity due to gradual FRP-to-masonry bond

degradation.

Finally, the use of LVDTs to measure the crack widths along with the strain gauge
data along the strip indicated a strong correlation between the FRP force-crack width
response in the flexural wall tests and the global FRP force-displacement response
reported for the shear bond pull tests in Chapter 4. Comparison of the strip force vs.
crack width plots (at the bed joints) from wall tests with the pull test P-A curve

showed that the pull tests give a close lower bound estimate of the IC debonding
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force in the FRP strip. Moreover, these plots illustrated that the bond behavior in

walls and pull test specimens match reasonably well with each other up to A = J,,4y.
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CHAPTER 7
DESIGN METHODOLOGY

7.1. Introduction

The experimental wall bending tests results described in Chapter 6 have
demonstrated the effectiveness of the NSM FRP retrofit technique for URM walls
under flexural loading. This chapter presents a design procedure to retrofit masonry
walls with vertical CFRP strips with IC debonding as the preferred failure
mechanism. Also, some key design considerations are presented along with
recommendations based on the experimental observations discussed in Chapter 6.
Finally, the design methodology was verified using the results of NSM CFRP
retrofitted walls tested in this study.

7.2. Design objectives and Assumptions

As discussed in §2.3, IC debonding is the preferred failure mechanisms as it controls
both the flexural capacity as well as the sectional ductility of the plated member
(Oehlers and Seracino 2004; Xia and Oehlers 2006). Hence, the design procedure is
based on the premise that the preferred failure mode will be IC debonding rather than
other more brittle failure modes such as (1) masonry crushing; (2) horizontal bending
failure of the masonry between the FRP strips; (3) tensile FRP rupture; or (4) out-of-

plane shear failure

Generally, the three main design questions that need to be addressed are: (1) what
FRP material (e.g. Carbon, glass or aramid) and retrofit technique (e.g. NSM, EB)
should be used?; (2) what FRP strip size should be chosen?; and (3) at what spacing
should the FRP strips be placed? The design methodology outlined in this chapter

will provide solutions for choosing the FRP strip dimensions (b, and t,) and spacing
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(S) (Figure 7-1). The methodology is generic in the sense that it can be used for any

type of FRP material and both EB and NSM retrofit techniques.

FRP Strip
(B,t,A )

«—S »

L] L] - v

ALY

P »
<« >

Figure 7-1: Important design parameters

The proposed design procedure is based on the cross-sectional analysis of an FRP

reinforced section (Figure 7-2) using conventional “beam theory” and the following

assumptions:

a)
b)
c)
d)

e)

The wall is “simply-supported” at its top and bottom edges;

Plane sections remain plane after bending;

Full composite action exists between the FRP strip and the masonry interface;
The tensile resistance of the masonry is neglected for calculating the flexural
strength;

IC debonding occurs prior to masonry crushing, so that the stress-strain
relationship for masonry is assumed to be within the elastic range. Hence, a
triangular stress block distribution is used for the masonry in compression.
(Figure 7-2); and

The strain in the FRP is equal to the strain at the onset of debonding, ¢, and

the force in the FRP strip is therefore equal to Py (Figure 7-2).

7.3. Prediction of IC debonding resistance

To determine the IC debonding resistance (Pic), the generic analytical model ( Eq. 4-

3) developed in §4.2.1 is used. The model was validated against a large pull test

database from the literature along with the pull test conducted as a part of this study.
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(PIC )Generic = 1'99¢)?A19 ](‘L{(Z)A47 \ Lper (EA)p

7.4. Neutral axis location

Eq. 4.3

The neutral axis location, ¢ in Eq. 7-1 is determined by satisfying axial force

equilibrium and strain compatibility for the section, as shown in Figure 7-2. In Eq.

7-1, N; is self-weight of the wall; N, is the applied axial load and C,, is the masonry

compressive force.

v —_— Py v
€db

Figure 7-2: Strain and stress profiles at cross-section
1
P.+N,+N, =C, = Ecng’”S

P.+N, +N,

lngmS
2

Hence,c =

C
‘9m:( 5 jgdb
zZ——C
3
b C C
where, the lever arm, z=¢ _71’—5 for NSM and z=¢ +_"_g

applications.

Eq. 7-1

Eq. 7-2

Eq. 7-3

for EB

As the strip dimensions are very small compared to t, therefore, z=¢, —g and

substituting in Eq. 7-3 yields:
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c Eq. 7-4

&y Zm%

Now, Eq. 7-4 can be substituted in Eq. 7-1 to give:

—a+qa’ +4at, Eq. 7-5

2

C =

__2AB N +N,)
e E.S

P
: R (S
; and &, =

where,
(E4),

7.5. Calculation of vertical moment demand (M,) of FRP reinforced

section

The response a wall subjected to the out-of-plane loading depends on the amount of
lateral load the wall is subjected to and its capacity to sustain that load. Considering
the wall being subjected to a uniformly distributed lateral load (w;) and spanning
vertically between top and bottom supports, the required flexural strength for wall,

My is given by Eq. 7-6

_ Wil Eq. 7-6

M, g

Eq. 7-6 can be written in terms of the demand acceleration (a,) as shown in

_at, S’ Eq. 7-7

M, g

where,

aq. 1s the demand acceleration in units of acceleration due to gravity, g;

h is the clear height of URM wall (i.e. vertical distance between the top and bottom
support of the wall);

S is the horizontal spacing between the vertical FRP strips;

t 18 thickness of masonry wall; and,

y is specific weight of the masonry.
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7.6. Calculation of horizontal bending capacity (M) of FRP

reinforced section

The FRP strip spacing should be sufficiently close to prevent horizontal bending
failure of the masonry by out-of-plane loading. The horizontal bending capacity
(M) of a section of the masonry wall spanning between two FRP strips (per metre
height of wall) can be calculated using provisions given by the relevant national
design codes. In this study, equations given in AS 3700 (2001) have been used to

determine the horizontal bending capacity, M¢, which is given by the lesser of:

(stepped failure) Eq. 7-8

mt

M, =2.0¢k, (JT (H f d ]zd < 4.0¢kp( f)z

and

M, =¢0.44f1" Z +0.561" Zp) (line failure) Eq. 7-9

where,

@ is the capacity reduction factor = 0.6;

k, is a perpend factor to allow for the degree of stretcher overlap (for normal
stretcher bond, k, = 1)

f’me 1s the characteristic flexural tensile bond strength of the masonry, in MPa;

fy is the minimum design compressive stress on the bed joint at the cross-section, in
MPa;

f*y¢ 1s the characteristic lateral modulus of rupture of the brick units, in MPa;

zq4 18 the section modulus of the bedded area, in mm®/m for a Im wide section of
masonry,

Z, 1s the lateral section modulus of the masonry units, in mm3/m; and

Z, 1s the lateral section modulus of the perpends, in mm’/m.

7.7. Design procedure

The following design flowchart explains the basic steps to be followed.
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Input wall properties and
material properties

Calculate demand
moment, My

Calculate horizontal
bending capacity, M, and
calculate Sm_aX

Select strip spacing,
S < S

Select strip cross-sectional
| dimensions (i.e. bp and tp)
and Calculate P

Calculate neutral axis
location, ¢ and calculate
masonry compressive
strain,e,

Yes

Calculate vertical bending
capacity of wall, M,

Design Complete

Figure 7-3: Design procedure
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Step 1: Calculate the design moment, My using Eq. 7-6.
Step 2: Calculate horizontal bending moment capacity, M., using Eq. 7.8 and Eq. 7.9

Step 3: Calculate the maximum horizontal strip spacing (Smax) using Eq. 7-11, such
that strengthened wall does not fail by horizontal bending of masonry between the

strips due to age.

2 -
v sy - WS, Eq. 7-10
ch — d 8
¢ < 8M , Eq. 7-11
e adetmj/

Step 4: Assume cross-sectional dimensions (i.e. b, and t,) for the FRP strip and strip

spacing, S, such that S < S ,x.

Step 5: Calculate Pjc using Eq. 4-3. Check that P is less than the tensile rupture
capacity of the FRP strip, P, which is given by Eq. 7-12. If not, Go to Step 4 and

adjust the strip cross-section.

Pmpt = i Ap Eq. 7-12
Step 6: For efficient use of FRP, Pjc should not be drastically smaller than P,
Designer may wish to specify a minimum “efficiency factor n = Pjc/ Py, say 0.8.
Check 7 >n>0.8. If not, Go to Step 4 and adjust the strip cross-section.

Step 7: Calculate the neutral axis location, ¢ using Eq. 7-5.

Step 8: Calculate the strain in masonry, &, using Eq. 7-4. Check that the masonry
compressive stress, f,=enE, 1s less than the masonry strength capacity, fne = €ncEnm.

If not, go to Step 4 and adjust the FRP cross-section or strip spacing.

Step 9: Calculate the vertical bending capacity of the section per FRP strip, M.,
using Eq. 7-13.

M, =¢(Pc+N +N,)z Eq. 7-13
Step 10: Calculate number of FRP strips required, n,, using Eq. 7-14 and check the

spacing between the strips, S = B/n, <Spax. If not, go to Step 4 and decrease the strip
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spacing, and /or increase the strip cross-section and follow Steps 5-10. If OK, then
retrofit the wall with ‘n,” FRP strips with strip spacing of ‘S’ on both sides.
M Eq. 7-14
_Ma
n p M

cv

7.8. Verification of design procedure using experimental results

The design procedure outlined in §7.7 has been verified against the wall bending
tests results presented in Chapter 6. The flexural strength of walls 5-15 were
predicted according to Eq. 7.13 with @ equal to 1 using the material properties given
in Table 3-2 and the retrofit details from Table 5-1. The results are summarised in
Table 7-1 ( Refer to Appendix §F.1 for detailed calculations), where it can be seen
that the predictions of flexural strength of NSM CFRP retrofitted walls using the
proposed design procedure were, on average, 79 % of the experimental result with a

COV of 16 %.

Table 7-1: Comparison of experimental and predicted moment capacity of walls

Mrea/Mexp
Wall Mexp Mjrea or
( Fpred/ Fexp)
S/C | (kN-m) | (kN-m)
1) (2) 3) )
58 8.82 7.37 0.84
6S 13.93 9.13 0.66
7S 21.16 15.74 0.74
8S 18.89 9.29 0.49
9S 6.21 5.52 0.89
10S 15.89 12.57 0.79
11C 14.16 11.37 0.80
12C 14.96 12.57 0.84
13C 15.58 11.37 0.73
14S 15.33 13.77 0.90
15C 14.04 13.77 0.98
Mean 0.79
Ccov 0.16
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Importantly, the design procedure includes the effect of strip spacing which greatly
influences the overall flexural response of the retrofitted wall (§6.3.2). The design
methodology also accounts for the effect of axial loading which includes self-weight
of the wall and any additional applied axial load at the top of the wall. From the
theoretical results it has been noted that the increase in moment capacity due to self-
weight ranged approximately between 0.5 to 5% while applied pre-compression

resulted in increases of about 10% (for 0.1MPa) to 22 % (for 0.2MPa).

Retrofitted walls (walls 5-15) were analysed using the proposed design methodology
to check for the possible failure mode such as FRP rupture, masonry crushing and
horizontal bending failure of masonry between the FRP strips. Refer to Appendix
§F.3 for detailed calculations. The design check revealed that all the walls could

withstand the aforementioned failure modes.

7.9. Further verification of the design procedure

The design procedure was further verified using walls tested by Yang (2006) refer to
Appendix §F.2). Eight full-scale URM walls were tested under two-way reversed-
cyclic loading (Griffith and Vaculik 2005). Four of the most severely damaged walls
(with window openings) were subsequently retrofitted using vertical FRP strips with
no anchorage and subjected to two way bending. Details of the tests can be found in
Yang (2006). Test results indicated that wall A retrofitted using EB CFRP, failed
primarily due to IC debonding whereas walls B and C retrofitted using the EB GFRP
strips, exhibited horizontal bending failure. Wall D was retrofitted using NSM CFRP
strips and it failed prematurely by displacement induced (DI) debonding mechanism
and hence is not included in the present analysis. Table 7-2 shows the comparison of
predicted and experimental results for walls A to C. It can be seen that predictions of
moment capacity are suitably conservative and agree reasonably well with

experimental results with mean Mp.q/Mexp ratio of 0.73 and COV of 0.12.
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Table 7-2: Prediction of moment capacity for Yang’s (2006) wall tests

. M red
# of | Strip * P
Wall tpx by Strips | spacing Wexp | Mexp Mprea /
Mexp
(mm X mm) (mm) (kPa) | (kN-m) | (kN-m)
A 1.2x50 4 650 9.7 26.68 22.51 0.83
B 2x 100 4 650 10.5 28.88 19.37 0.67
C 2x77 5 500 8.9 24.48 16.64 0.68

Width of wall = 4m
Height of wall =2.5m

" experimental lateral load capacity of wall

7.10.Summary

A simple design methodology has been developed for FRP strengthened masonry
walls subjected to out-of-plane bending. The predictions from the proposed design
procedure compared well with the test results. The design methodology enables the
FRP retrofit to be optimised in terms of both the strip spacing and cross-section.
From the analysis of the retrofitted walls it was observed that in order to avoid
horizontal bending failure of the masonry between the FRP strips, spacing between
FRP strips is an important design factor. This suggests that evenly distributed strips
result in better performance of wall but the limit to this is rupture strength of the FRP

strip.
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CHAPTER 8
CONCLUSIONS AND

RECOMMENDATIONS

8.1. Introduction

URM buildings are most vulnerable to flexural out-of-plane failure as it endangers
the gravity-load-carrying capability of a wall causing the most serious life-safety
hazard for this type of construction (Ingham and Griffith 2010). URM structures
constitute both a significant portion of the world’s heritage buildings and modern
residential building stock. Therefore, it is important not only to considerably reduce
the seismic risk posed to these structures but also to preserve where possible their
architectural appearance. This research was part of a collaborative project between
the Universities of Adelaide, Newcastle and Auckland which was aimed at

developing an invovative and cost effective retrofit technique for masonry buildings.

The research reported here investigated the performance of NSM CFRP strengthened
clay brick masonry walls under monotonic and cyclic out-of-plane bending with
particular attention to the FRP-to-masonry bond behaviour. This chapter summarises

the important findings of this study as well as recommendations for further research.

8.2. Summary and conclusions

This section presents a brief summary of the research undertaken to accomplish the
objectives outlined in §1.2 and also highlights the significant results of this study.
The section is divided into two major parts namely, FRP-to-masonry bond behaviour

and FRP strengthened masonry walls.
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8.2.1. FRP-to-masonry bond behaviour

Part I — Pull tests experimental study (§1.2 - Aim 1)

Fourteen NSM carbon FRP-to-masonry pull tests were conducted to study the FRP-
to-masonry bond behaviour and to investigate the effect that cyclic loading and FRP
strip dimensions have on the debonding resistance of a NSM FRP-to-masonry joint.
The global load-slip response and FRP-to-masonry interface behaviour were studied

in depth (Kashyap et al. 2012a). The following conclusions were made:

e All specimens failed by IC debonding with the ultimate failure plane near the
masonry-to-adhesive interface FRP-masonry interface indicating that the
bonding characteristics of FRP-to-masonry are closely related to the tensile
strength of the masonry unit.

e The pull test results indicated that increasing the depth of the NSM FRP strips
was more effective for enhancing the debonding resistance of FRP-to-
masonry joint than increasing the width of the FRP strip, primarily because of
the increase in Ly for specimens with a deeper strip and hence providing
more efficient confinement of the surrounding masonry. Importantly, the
investigation into the effects of cyclic loading on load-slip behaviour of FRP-
to-masonry bonded joints indicated that cyclic loading does not significantly

affect the overall behaviour of the FRP-to-masonry bond.
Part Il -Empirical bond strength model (§1.2 - Aim 2)

The pull tests results were then incorporated into a large database of EB and NSM
FRP retrofitted masonry pull test results by various researchers over the past 10
years. Local bond-slip parameters such as the maximum interface shear stress, Zyqy,
and the maximum slip, J,., were then investigated to determine correlations
between these values and masonry material properties. Fifteen existing concrete and
masonry bond strength models in the literature were assessed for their use with
masonry by comparing these models against the results in the pull test database.
Based on the comparative statistics of the test-to-predicted bond strength it was

concluded that a new FRP-to-masonry bond model was required to give more
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accurate predictions (Kashyap et al. 2012a). The important research outcomes are

listed below.

An analytical model was derived for the IC debonding resistance of FRP-to-
masonry joints using a large set of test data from the open literature. A new
generic model that is applicable to both EB and NSM techniques was derived.
This model is a function of the usual geometric and material design variables
such as the FRP strip aspect ratio, the axial rigidity of the FRP strip and the
masonry unit tensile strength. For the range of experimental parameters
investigated as part of this study, the predicted values from the new model
correlated reasonably well with the experimental values.

Empirical expressions were developed for the key local bond-slip (z-0)
parameters such as peak interface shear-stress and maximum slip. These
bond characteristics are necessary to determine the critical bond length of
FRP-to-masonry joints and for analysing the behaviour of FRP strengthened

structures.

Part III — Prediction of load-slip behaviour of FRP retrofitted masonry (§1.2 - Aim

2)

In order to predict the global load-slip response of FRP-to-masonry pull tests using

various local bond-slip relationships two analytical procedures, namely a new

generic numerical procedure and a closed-form mathematical solution, were

developed which account for the partial-interaction response at the FRP-masonry

interface (Kashyap et al. 2011). Key results are summarised below.

Validation of both the analytical prodedures against the test data showed that
both methods can predict the experimental behaviour well.

The results of the homogeneous numerical procedure were similar to those of
the heterogeneous numerical procedure for all three 7-6 models. Particularly,
the difference between the peak loads was observed to be negligible, hence,
for simplicity the homogeneous procedure can be used for pull test analysis.
For both predictive procedures, the elastic-softening -0 model gave better

correlation with the experimental results than the rigid-softening and
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nonlinear models for the overall P-A response. However, the peak load (Pic)

only varied slightly when using either the rigid-softening or nonlinear model.

8.2.2. FRP strengthened masonry walls

Part I - FRP strengthened masonry walls (§1.2 - Aim 3)

Fifteen “walls” specimens were tested in this study to investigate the behaviour of
NSM CFRP retrofitted masonry walls under out-of-plane bending and to study the IC
debonding failure mechanism in them. Also, the effects of typical design variables
such as reverse cyclic loading, axial pre-compression, FRP strip spacing and
reinforcement ratio on the stiffness, displacement capacity and ultimate strength of
FRP retrofitted masonry walls were studied (Kashyap et al. 2012b). The main

outcomes of the experiment wall tests are given below.

e The test results demonstrated that NSM CFRP strips designed to fail by IC
debonding can provide an increase in strength of up to 20 times the strength
of the corresponding unreinforced wall.

e With respect to the test variables under investigation, it was found that FRP
strip spacing and reinforcement ratio most strongly affect wall performance
whereas cyclic loading and vertical pre-compression had little effect.

e Optimal spacing of FRP strips was found to be beneficial not only in terms of
strength and displacement capacity but was also helpful in avoiding the
vertical in-plane shear failure or the horizontal bending failure of the masonry
between the FRP strips. For the same reinforcement ratio, smaller strips at
closer spacing gave better strength and displacement response but the limit to
this is rupture strength of the FRP strip.

e An increase in reinforcement ratio resulted in increased strength but also a
corresponding reduction in displacement capacity. Clearly, over reinforced
walls can also induce compressive failure of the masonry.

e An applied axial load was seen to increase the flexural stiffness of walls but it

had a minimal effect on the strength and displacement capacity of walls.
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e The load-displacement behaviour under cyclic load was, in general, very
close to the response measured for corresponding monotonically tested walls
indicating that monotonic tests may be used to reliably evaluate the
effectiveness of the NSM FRP technique for enhancement of out-of-plane

seismic resistance.

e Investigation into measured crack widths and the global load-slip of a pull
test led to the important conclusion that a strong correlation exists between
the force in an FRP strip vs. crack width at a bed joint in the wall and the
corresponding pull test load-slip response up to dma.x. It was found that the
stiffness of the pull test curve closely matches the initial crack stiffness with
the pull test giving a lower bound estimate of the IC debonding resistance for

FRP strips in a wall.
Part II - FRP strengthened masonry walls (§1.2 - Aim 4)

A simple design methodology was developed for masonry walls retrofitted with
vertical CFRP strips with IC debonding as the preferred failure mechanism. This
design methodology provides solutions for choosing the FRP strip dimensions (b,

and t,) and spacing (S). Key conclusions are outlined below.

e The design methodology developed is generic in the sense that it can be used
for any type of FRP material and both EB and NSM retrofit techniques.

e It enables the FRP retrofit to be optimised in terms of both the strip spacing
and cross-section and thus, allow reliable and economic design to be
undertaken.

e The predictions from the proposed design procedure compared well with the

test results.

From the results summarised in §8.2.1 and §8.2.2, it was concluded that the proposed
NSM technique is structurally efficient and viable for seismic retrofitting of URM
walls. Moreover, implementation of the proposed technique could have a significant
impact in strengthening of masonry structures including conservation of the heritage

buildings with considerable historical importance.
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8.3. Future research recommendations

Research into the use of NSM as a retrofitting technique for masonry structures is
only in early stages. Although, a range of different parameters were investigated in

this study, some related aspects require further research.

Although the bond strength model (Eq. 4-3) proposed in Chapter 3 (§4.2.1) of this
study is reasonably accurate there is further scope for improvement by adding more
FRP-to-masonry pull test results to the present database. In addition, a significant
number of test results were excluded from the test database due to insufficient
information available for analysis. The exclusion of some data, points to the need for
standardised reporting of test results as well as standardised testing procedures.
Further, as reported in Chapter 2 the NSM FRP-masonry pull test database is
relatively small hence, more tests should be conducted. Additionally, the local bond-
slip parameters, 7, and d,,,,, from the pull test data are the principal parameters for
the numerical investigation of FRP strengthened structures. The expressions
developed for 7,4 (Eq. 4-8) and 0,4 (Eq. 4-9) are based on small data set available.

Therefore, a wider experimental base is needed to refine these expressions.

Further research should be undertaken on the effects of environmental factors such as
moisture, extreme temperatures on the FRP-to-masonry interface. These aspects have
received little attention to date. Additionally, it should be noted that for pull tests
conducted in this study the FRP strip is pulled only in one direction which does not
allow shear stress reversals to occur. However, in flexural walls tests cracking occurs
at almost every bed joint causing to the strip to be pulled in both directions.
Therefore, it is recommended that the behaviour of the FRP-to-masonry bond when

the strip is pulled from both directions should be investigated.

Also, it should be noted that presence of cores in the brick unit may negatively
impact the debonding resistance due to stress concentrations, and which may also
encourage the longitudinal splitting of observed on the compression face of the walls
behind the FRP. The possible effect and influence of this on the prediction of the

debonding resistance, and the performance of the system in a wall, should be studied.

168
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The walls tested in this study were accessible from both sides for retrofitting.
However, this is not the case for cavity walls. Therefore, experimental investigation
on cavity walls is needed to determine if it is possible to transfer the load across the
wall ties. Additionally, other influential parameters such as different support

conditions, size and location openings need further investigation.
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width of concrete section

width of FRP strip/plate

width of adhesive

experimental coefficient (0.015 — 0.030)
FRP Young modulus

adhesive Young modulus

reduced value of the design bond strength
design bond strength

compressive strength of masonry
characteristic compressive strength of masonry
average tensile strength of masonry

rupture stress of FRP strip

concrete surface tensile strength

fracture energy

geometric factor

bond length of FRP elements

optimal bond length of FRP

bond strength of joint

thickness of adhesive

thickness of FRP strip/plate

maximum FRP-substrate interfacial shear stress
slip at which macro cracking occurs

slip corresponding to maximum shear stress
geometric bond length coefficient
geometric width coefficient

IC debonding failure plane aspect ratio
safety factor (1.20)

partial safety factor for masonry (1.0)
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APPENDIX A: PULL TEST NUMERICAL STUDY

A.1  Existing bond strength models

This section provides details of the sixteen bond strength models assessed in §2.4.2

of Chapter 2.

[1] Sato et al. model (from Sayed-Ahmed et al. 2009)
7, =2.68x107(f" )" E,t,

P =7, L,(b,+7.4)

L, =18%E,t,)** ifL>Le:Le=L

[2] Iso model (from Sayed-Ahmed et al. 2009)
r,=0.93(f",)"*

P =z Lb

u u—"e”p

L, =0.125E,t,)*" ifL>Le:Le=L

[3] Yang et al. model (from Sayed-Ahmed et al. 2009)

Pu=(0.5+0.08,/001E ¢,/ 1, b, L.z,
Le=100mm
7, =05/,

[4] Meada et al. model (from Sayed-Ahmed et al. 2009)

7, =(110.2x10°)E ¢

p

P, =z,Lpb,

u

_2.1235-0.580In(E, 1)
L, =e
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[5] Tanaka model (from Sayed-Ahmed et al. 2009)

7 =6.13-In(L)

P =z,Lb,

u

[6] Hiroyuki and Wu model (from Sayed-Ahmed et al. 2009)

r, =027L"%

P =t Lb

u u—"e’p
[71 Khalifa et al. model (1998)

7, =(1102x10° ) 1", /42)E ¢

P =z Lb

u u—e”p

I = e2.1235—0.5801n(E,,tp)

e

[8] Nebauer & Rostasy model (from Sayed-Ahmed et al. 2009)

P, =0.64k,b,\E 1., if L>Le
P, =0.64k b, JE 1 f.a ifL<Le

E ¢
Afet) -2
where, ¢ ] f; ;szcffz

[91 Karbhari et al. model (2006)

This model is based on the model proposed by Nakaba et al. (2001).

Puw = b,[2G E 1,
G, =0.6441""
Toax = 3.5/

Lo Pu
br /2

p © max
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Le ~ Pmax
bprmax/2
- 2bp1/2Gprtp _ 0.6485,/E ¢,
10.095
bpz-max fc

[10] Lu et al. model (2005)

p.=Bb, /2GfEfzf

I - 21 + A, tanA,a
¢ 221 21 A, tan L,a
Where
ll — Tmax
SoE it

a =iarcsin 0.99 S %
4

Sy

T ax =CZlﬂwft
5,=0.01958 f,

G, =030882.//,

2.25-b, /b
R T
" \1.25+b, /b,

Bond length factor, B
=1 ifL>Le

=sin E ifL<L.
2Le

[11] Chen and Teng (2001)

pu = 0427ﬂpﬂL f'cpre

186



Appendix A

L — EPIP
I
2-b, /b,
A
1+b, /b,
=1 ifL>Le

Br

=sin E if L <L,
2Le

[12] Camli and Binici (2006)

P = atfrp bfrp f Jip

a is equal to 0.35 and 0.50 for specimens with and without plaster finish,

respectively.

[13] Monti et al. (2003)

Emeax
O-max = ﬂ Y
3tp
=1 ifL>Le
B
=s1n[—Lj if L <L,
Le
L — EPtP
‘ 4Tmax
r. .. =18k f,

o _ [15@-b,/b)
» =\ 1+ 8, /100)
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[14] Milani et al. (2009)

fo = 1 2E ppl
Jad
[PV, Lrrp

/ / )
ffdd,rid = ffdd l—b(Z - —b) if 1, < 1.

if 1p >le

[

e e

I_‘Fd =le fmk mtm

| = ,EFRPtFRP

‘ 2fmtm

[15] Seracino et al. (2007b)

f)[C = aﬂ\/fd;%bgﬂ S ﬁuptbpdp
where, a is taken as 0.19 and 0.16 for mean and characteristic values, respectively;

B=1.0 for L >200 mm and B = L/200 for L <200 mm

[16] Willis et al. 2009

Pe =098 (Liy 1, (EA),

1
EB:¢p, =
T2+D,
1+b,
NSM ¢, = 241,

L, =2d,+b,
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A.2  FRP-to-masonry pull tests database

Table A-1: Existing pull test

database

Reference Specimen EB/ t, b, E, Ly fu bn Pexo
NSM  (mm) (mm) (GPa) (mm) (MPa) (mm) (kN)
Turco et al. [30] E-10-SS NSM 6.35 6.35 40.8 254 1.93 230 19.17
E-15-SS NSM 6.35 6.35 40.8 381 1.93 230 18.55

Liuetal. [31] CM50(A) EB 1.00 25.00 22.3 50 2.05 400 4.88
CMS50(B) EB 1.00 25.00 22.3 50 2.05 400 5.63

CM50(C) EB 1.00 25.00 22.3 50 2.05 400 4.25

CM50(D) EB 1.00 25.00 22.3 50 2.05 400 3.75

CMS0(E) EB 1.00 25.00 22.3 50 2.05 400 5.13

CM75(A) EB 1.00 25.00 22.3 75 2.05 400 5.81

CM75(B) EB 1.00 25.00 22.3 75 2.05 400 5.44

CM75(C) EB 1.00 25.00 22.3 75 2.05 400 6.38

CM75(D) EB 1.00 25.00 22.3 75 2.05 400 3.94

CM75(E) EB 1.00 25.00 22.3 75 2.05 400 7.13

CM100(A) EB 1.00 25.00 223 100 2.05 400 4.75
CM100(B) EB 1.00 25.00 223 100 2.05 400 5.00
CM100(C) EB 1.00 25.00 223 100 2.05 400 6.50
CM100(D) EB 1.00 25.00 223 100 2.05 400 7.25
CMI100(E) EB 1.00 25.00 223 100 2.05 400 7.25
CM100(F) EB 1.00 25.00 223 100 2.05 400 8.50

BMS0(A) EB 1.00 25.00 223 50 2.73 200 9.25
BM50(B) EB 1.00 25.00 223 50 2.73 200 7.38
BMS50(C) EB 1.00 25.00 223 50 2.73 200 8.63
BMS50(D) EB 1.00 25.00 223 50 2.73 200 6.88
BM75(A) EB 1.00 25.00 223 75 2.73 200 10.69
BM75(B) EB 1.00 25.00 223 75 2.73 200 8.44
BM75(C) EB 1.00 25.00 223 75 2.73 200 9.38
BM75(D) EB 1.00 25.00 223 75 2.73 200 9.56
BM75(E) EB 1.00 25.00 223 75 2.73 200 8.25

BM100(A) EB 1.00 25.00 223 100 2.73 200 8.50
BM100(B) EB 1.00 25.00 223 100 2.73 200 10.00
BM100(C) EB 1.00 25.00 223 100 2.73 200 10.00
BM100(D) EB 1.00 25.00 223 100 2.73 200 9.00
BM100(E) EB 1.00 25.00 223 100 2.73 200 10.00
CSG100 EB 1.00 25.00 223 100 2.05 400 5.58
BSG100 EB 1.00 25.00 223 100 2.73 200 9.40
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Reference Specimen EB/ t, b, E, L, i b Pexo
NSM (mm) (mm) (GPa) (mm) (MPa) (mm) (kN)

Camli and

Binici [32] TS-4 EB 1.00  25.00 61.0 125 1.30 280  4.06
TS-7 EB 1.00  50.00 61.0 100 1.30 280 5.90
TS-8 EB 1.00  50.00 61.0 125 1.30 280 5.14

Xia and

Ochlers [18] Pull 3 EB 1.20  50.00 165 210 2.75 230 25.25
Pull 4 EB 1.20  50.00 165 280 2.75 230  28.40

Konthesingha

et al. [24] 1A NSM 2.80  15.00 207 355 3.57 230  61.60
2A NSM 2.80 15.00 207 355 3.57 230  65.24
2B NSM 2.80 15.00 207 355 3.57 230  63.53
2C NSM 2.80  15.00 207 355 3.57 230  66.52

Lam [33] Cl EB 0.17  50.00 230 200 3.35 250 1594
C2 EB 0.17  50.00 230 200 3.35 250 17.12
C3 EB 0.17  50.00 230 200 3.35 250  17.66
C4 EB 0.17  50.00 230 200 3.35 250  19.61
Cs5 EB 0.17  50.00 230 200 3.35 250  20.15
Gl EB 0.23  50.00 65.0 200 3.35 250  11.69
G2 EB 0.23  50.00 65.0 200 3.35 250 1397
G3 EB 0.23  50.00 65.0 200 3.35 250  13.65
G4 EB 0.23  50.00 65.0 200 3.35 250  13.20
G5 EB 0.23  50.00 65.0 200 3.35 250  14.18

Petersen et al.

[6] S1-A-NG-1 NSM 2.80 15.00 207 336 3.57 230 83.45
S1-A-NG-2 NSM 2.80  15.00 207 336 3.57 230  71.09
S1-A-SG NSM 2.80  15.00 207 336 3.57 230  81.48
S1-B-NG-1 NSM 2.80 15.00 207 336 3.57 230  70.36
S1-B-NG-2 NSM 2.80  15.00 207 336 3.57 230 5941
S1-C-NG-1 NSM 2.80  15.00 207 336 3.57 230  63.88
S1-C-NG-2 NSM 2.80  15.00 207 336 3.57 230 6941
S1-C-SG NSM 2.80 15.00 207 336 3.57 230  84.50

Willis et al.

[5] St1.0-3-15-1/2-NSG NSM 1.20  15.00 162 241 3.55 230  46.80
HO1.5-4-15-1/4 NSM 1.20  15.00 162 328 3.55 230  44.00
HO1.0-4-15-0 NSM 1.20  15.00 162 328 3.55 230  38.30
HO1.0-4-15-0-NSG NSM 1.20  15.00 162 334 3.55 230  46.70
St1.0-4-20-AC NSM 1.20  20.00 162 328 3.55 230  50.00
St1.0-4-20-BC NSM 1.20  20.00 162 328 3.55 230 51.20
GP-5-Ne-M-1 EB 2.00  50.00 65.0 420 3.55 230  22.10
GP-5-Ne-Q-1 EB 2.00 50.00 65.0 395 3.55 230  21.50
GP-5-Ne-M-2 EB 2.00 50.00 65.0 419 3.55 230 2190
GP-5-Ne-Q-2 EB 2.00 50.00 65.0 396 3.55 230 18.10
GP-5-Sa-Q EB 2.00 50.00 65.0 394 3.55 230 24.70
GP-5-Gr-Q EB 2.00 50.00 65.0 393 3.55 230 24.30
GD-5-Sa-Q-1 EB 0.62  50.00 73.0 386 3.55 230  19.90
GD-5-Sa-Q-2 EB 0.62  50.00 73.0 386 3.55 230 18.60
CP-2-Ne-M EB 1.20  50.00 162 140 3.55 230  26.80
CP-3-Ne-M EB 1.20  50.00 162 210 3.55 230 2490
CP-4-Ne-M EB 1.20  50.00 162 280 3.55 230 28.40

190



Appendix A

Reference Specimen EB/ t, b, E, Ly | bn Pexo
NSM (mm) (mm) (GPa) (mm) (MPa) (mm) (kN)

Oliveria et al. [34] G150RS-1 EB 0.15 25.00 80.2 150 1.57 235 3.48
G150RS-2 EB 0.15 25.00 80.2 150 1.57 235 4.81
G150RS-3 EB 0.15 25.00 80.2 150 1.57 235 4.69
G150RS-5 EB 0.15 25.00 80.2 150 1.57 235 4.64
G100RS-1 EB 0.15 25.00 80.2 100 1.57 235 3.66
G100RS-2 EB 0.15 25.00 80.2 100 1.57 235 3.17
G100RS-3 EB 0.15 25.00 80.2 100 1.57 235 2.85
G100RS-4 EB 0.15 25.00 80.2 100 1.57 235 3.68
G100RS-5 EB 0.15 25.00 80.2 100 1.57 235 3.79
G200RS-2 EB 0.15 25.00 80.2 200 1.57 235 4.48
G200RS-3 EB 0.15 25.00 80.2 200 1.57 235 5.06
G150RI-5 EB 0.15 25.00 80.2 150 1.57 235 5.27
G150RT-1 EB 0.15 25.00 80.2 150 1.57 235 4.20
G150RT-2 EB 0.15 25.00 80.2 150 1.57 235 4.89
G150RT-3 EB 0.15 25.00 80.2 150 1.57 235 5.60
G150RT-4 EB 0.15 25.00 80.2 150 1.57 235 4.34
G150RT-5 EB 0.15 25.00 80.2 150 1.57 235 5.49
G150ES-1 EB 0.15 25.00 80.2 150 1.57 235 3.52
G150ES-2 EB 0.15 25.00 80.2 150 1.57 235 4.83
G150ES-4 EB 0.15 25.00 80.2 150 1.57 235 4.53
G150ES-5 EB 0.15 25.00 80.2 150 1.57 235 5.46
G150XS-1 EB 0.15 25.00 80.2 150 1.57 235 4.55
G150XS-2 EB 0.15 25.00 80.2 150 1.57 235 3.73
G150XS-3 EB 0.15 25.00 80.2 150 1.57 235 3.82
G150XS-4 EB 0.15 25.00 80.2 150 1.57 235 4.54
G150XS-5 EB 0.15 25.00 80.2 150 1.57 235 4.06
C150RS-1 EB 0.12 25.00 216 150 1.57 235 4.78
C150RS-2 EB 0.12 25.00 216 150 1.57 235 4.29
C150RS-3 EB 0.12 25.00 216 150 1.57 235 4.02
C150RS-4 EB 0.12 25.00 216 150 1.57 235 433
C150RS-5 EB 0.12 25.00 216 150 1.57 235 4.26

191



APPENDIX B: MATERIAL TESTS

B.1 Introduction

This section presents details of the tests conducted to determine the masonry material
properties used in this research. Three types of material tests were conducted in
accordance with Australian Standards: (1) Lateral modulus of rupture tests to
estimate the tensile strength of brick units (fy), (2) Bond wrench tests to determine
the flexural strength of masonry perpendicular to bed joints (f,,), and (3)
Compressive strength tests to determine the compressive strength of masonry (fi)
and the elastic modulus of brick (E,), mortar (E,,) and masonry (E). Also, the

material specifications and CFRP and adhesive properties are presented.
B.2  Material tests results

B.2.1 Lateral modulus of rupture of brick unit test (AS/NZS 4456.15:2003)

Table B-1: Lateral modulus of rupture test results

1st Batch 2nd Batch 3rd Batch
Rember P2l | R etrall | e |faPa)

I* 5.15 I* 2.52 1 4.5

2 2.31 2 3.62 2% 2.57

3 3.48 3 2.82 3 4.56

4% 0.73 Mean (MPa)| 2.99 4* 5.39

5 2.9 Std. dev.| 0.57 5 4,53

6 2.55 cov| 0.19 6 1.60

7* 6.84 7 3.06

8 3.37 8 3.89

9 3.1 9 2.53

10 3.23 10 3.02

11 1.79 Mean (MPa) 3.46

12 2.62 Std. dev.| 1.09

Mean (MPa)| 2.82 cov| 031
Std.dev.| 0.55
cov| 0.20

* Results from specimens were rejected because the failure occurred outside of the
constant moment region and consequently these values were not used in the
calculation of fut.

192



B.2.2 Bond wrench

1st Batch
specimen ... (Mpa)

number
11 0.63
12 0.47
13 0.56
14 0.54
15 0.66
16 0.27
17 0.68
18 0.51
19 0.75
110 0.51
111 0.54
112 0.28
2-1 0.36
2-2 0.52
2-3 0.46
2-4 0.68
2-5 0.32
2-6 0.37
2-7 0.35
2-8 0.31
2-9 0.46
2-10 0.47
2-11 0.32
2-12 0.49
Mean (MPa)| 0.48
Std. dev.| 0.14
cov| 0.28

Table B-2: Bond wrench test results

Appendix B

2nd Batch
specimen ... (Mpa)
number

1-1 0.40

1-2 0.43

1-3 0.34

2-1 0.64
2-2 0.48
2-3 0.66
3-1 0.25
3-2 0.48
4-1 0.80
4-2 0.67
4-3 0.67
5-1 0.47
5-2 0.54
5-3 0.40
Mean (MPa)| 0.52
Std. dev.| 0.15
cov| 0.30

3rd Batch
specimen f... (Mpa)
number

1-1 0.34
1-2 0.32
1-3 0.34
2-1 0.44
2-2 0.37
2-3 0.56
3-1 0.41
3-2 0.42
3-3 0.40
4-1 0.35
4-2 0.62
4-3 0.44
5-1 0.36
5-2 0.28
5-3 0.38
6-1 0.53
6-2 0.35
6-3 0.55
7-1 0.43
7-2 0.37
7-3 0.49
81 0.60
8-2 0.59
83 0.64
9-1* 1.01
9-2 0.56
9-3 0.67
10-1 0.30
10-2 0.47
10-3 0.58
11-1 0.51
11-2 0.45
11-3 0.50
Mean (MPa)| 0.46
Std. dev.| 0.11
cov| 0.24
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B.2.3 Compression Tests

Table B-3: Compression test results — 1* batch

Specimen no | f,. (Mpa) | E,(MPa) | E, (MPa) | E,, (MPa)

1 1* 19.50 NA NA NA

12 17.65 13925 18589 4079

13 19.45 10309 16730 2639

2 1 20.75 11320 20913 2425

22 20.10 10350 15750 2370

23 23.05 6059 26141 1677
Mean (MPa) 20.20 10393 19625 2638
Std. dev. 1.78 2834 4141 883
cov 0.09 0.27 0.21 0.33

*Rejected result due to errors in strain measurement

Table B-4: Compression test results — 2" batch

Specimen no (f,,. (Mpa) |E,,(MPa) |E,, (MPa)|E,, (MPa)
1 13.40 8700 13317 2711
2 14.44 10100 15685 1253
3 14.19 7200 13840 1840
4 16.10 11400 21388 2215
5 12.97 8800 17645 1619
Mean (MPa)| 14.22 9240 16375 1928
Std. dev. 121 1585 3279 560
cov| 0.08 0.17 0.20 0.29

Table B-5: Compression test results — 3" batch

Specimen no |f,,. (Mpa)| E,(MPa)| E, (MPa)|E,, (MPa)

11 10.00 7800 16510 1210

12 12.75 10900 22230 1987

13 14.01 13200 20608 2696
14 15.13 9500 19606 1629

2.1 15.51 15500 23430 3662

22 18.73 12500 22230 3162
23 18.98 13500 22953 2869
2.4 17.42 12500 16656 3668
25 20.08 10500 25321 1607
26 19.18 8500 22953 1177
2.7 16.46 12000 17268 1261
Mean (MPa)| 16.83 11491 20888 2266
Std.dev.| 3.11 2306 3002 974
cov| 0.18 0.20 0.14 0.43
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B.3 Assessment of material test results

The test results from three different batches were assessed to check if there were
significant differences between the groups. The assessment was done using: (1) the
rejection criteria from AS3700-2001: Appendix H and (2) The analysis of variance
(ANOVA) test statistics (or Single factor ANOVA test).

B.3.1 Lateral modulus of rupture of brick unit test

(1) Rejection criteria from AS3700-2001: Appendix H

Serial No. | Specimen | f,.(Mpa) | Y=In(f)
1st batch 1* I*
2 2 2.31 0.84
3 3 3.48 1.25
4* 4*
5 5 2.90 1.06
6 6 2.55 0.94
7* 7*
8 8 3.37 1.21
9 9 3.10 1.13
10 10 3.23 1.17
11 11 1.79 0.58
12 12 2.62 0.96
2nd batch 13* 1*
14 2 3.62 1.29
15 3 2.82 1.04
3rd batch 16 1 4.50 1.50
17* 2%
18 3 4.56 1.52
19* 4%
20 5 4.52 1.51
21 6 1.60 0.47
22 7 3.06 1.12
23 8 3.89 1.36
24 9 2.53 0.93
25 10 3.02 111
Mean (MPa) 3.13
Std. dev. 0.84
cov 0.27

* Results from specimens were rejected because the failure occurred outside of the
constant moment region and consequently these values were not used in the
calculation of f,,,.
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Table B-6: Assessment using rejection criteria (AS3700-2001: Appendix H)

Check for rejection

Serial No. of Suspect result 11 21 18 16 20

Mean 1.13 1.14 1.08 1.08 1.08
Std. Dev. 0.26 0.25 0.27 0.28 0.28
Lower Rejection Limit, Yl 0.34 0.40 0.26 0.25 0.25
Upper Rejection Limit, Yu 1.92 1.88 1.91 1.91 1.91
Assessment result keep keep keep keep keep

(2) Single factor ANOV A test

Table B-7: ANOVA results

Source of Variation  SS! df MS? F P-value F crit

Between Groups  2.640 2 1.320 1.536 0242 6.013
Within Groups 15.461 18 0.859

Total 18.101 20

'~ sum of squares; >— degree of freedom; * — mean square

Assuming significance level, o = 0.01 and considering two tailed test gives 0.005 in
each tail of the distribution of the test statistic. As P-value > 0.005 and F value <
Fcrit (Table B-7), it can be concluded that there is no significant difference between

the groups.
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B.3.2 Bond wrench test

(D)

Rejection criteria from AS3700-2001: Appendix H

1st batch

2nd batch

serial no | specimen no. |f, (Mpa)| Y=In(f,)
1 11 0.63 -0.46
2 12 0.47 -0.76
3 13 0.56 -0.58
4 14 0.54 -0.62
5 15 0.66 -0.41
6 16 0.27 -1.30
7 1.7 0.68 -0.39
8 18 0.51 -0.68
9 19 0.75 -0.29
10 1 10 0.51 -0.67
11 1 11 0.54 -0.62
12 1 12 0.28 -1.28
13 2-1 0.36 -1.02
14 2-2 0.52 -0.65
15 2-3 0.46 -0.77
16 2-4 0.68 -0.38
17 2-5 0.32 -1.14
18 2-6 0.37 -1.00
19 2-7 0.35 -1.04
20 2-8 0.31 -1.16
21 2-9 0.46 -0.77
22 2-10 0.47 -0.76
23 2-11 0.32 -1.13
24 2-12 0.49 -0.71
25 1-1 0.40 -0.91
26 1-2 0.43 -0.84
27 1-3 0.34 -1.06
28 2-1 0.64 -0.45
29 2-2 0.48 -0.74
30 2-3 0.66 -0.41
31 3-1 0.25 -1.39
32 3-2 0.48 -0.73
33 4-1 0.80 -0.22
34 4-2 0.67 -0.41
35 4-3 0.67 -0.41
36 5-1 0.47 -0.76
37 5-2 0.54 -0.61
38 5-3 0.40 -0.92
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3rd batch

serial no | specimen no. |f , (Mpa)|Y=In(f,)
39 1-1 0.34 -1.07
40 1-2 0.32 -1.14
41 1-3 0.34 -1.09
42 2-1 0.44 -0.83
43 2-2 0.37 -1.00
44 2-3 0.56 -0.58
45 3-1 0.41 -0.90
46 3-2 0.42 -0.88
47 3-3 0.40 -0.90
48 4-1 0.35 -1.04
49 4-2 0.62 -0.48
50 4-3 0.44 -0.82
51 5-1 0.36 -1.01
52 5-2 0.28 -1.26
53 5-3 0.38 -0.96
54 6-1 0.53 -0.63
55 6-2 0.35 -1.05
56 6-3 0.55 -0.60
57 7-1 0.43 -0.85
58 7-2 0.37 -1.00
59 7-3 0.49 -0.71
60 8-1 0.60 -0.51
61 8-2 0.59 -0.52
62 8-3 0.64 -0.44
63 9-2 0.56 -0.57
64 9-3 0.67 -0.40
65 10-1 0.30 -1.22
66 10-2 0.47 -0.74
67 10-3 0.58 -0.54
68 11-1 0.51 -0.68
69 11-2 0.45 -0.81
70 11-3 0.50 -0.69
Mean (MPa) 0.48
Std. dev. 0.13
Cov 0.27
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Table B-8: Assessment using rejection criteria (AS3700-2001: Appendix H)

Check for rejection

Serial No. of Suspect result 31 33
Mean -0.77 -0.79
Std. Dev. 0.27 0.27
Lower Rejection Limit, YI  -1.59 -1.59
Upper Rejection Limit, Yu  0.05 0.02
Assessment result keep keep

(2) Single factor ANOV A test

Table B-9: ANOVA results

3

Source of Variation SS1 df2 MS F P-value F crit
Between Groups 0.035 2 0.017 1.063 0.351 4.937
Within Groups 1.098 67 0.016
Total 1.133 69

'~ sum of squares; >— degree of freedom; * — mean square

Assuming significance level, o = 0.01 and considering two tailed test gives 0.005 in

each tail of the distribution of the test statistic. As P-value > 0.005 and F value <

Fcrit (Table B-9), it can be concluded that there is no significant difference between

the groups.
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B.3.3 Compression test

(1) Rejection criteria from AS3700-2001: Appendix H

1st batch

2nd batch

3rd batch

Appendix B

Serial no |Specimen no.| f,.(Mpa) |Em (Mpa)|Eb (Mpa)|Emo (Mpa)
1* 11* NA NA NA
2 12 17.65 13925 18589 4079
3 13 19.45 10309 16730 2639
4 21 20.75 11320.05| 20913 2425
5 22 20.10 10349.69| 15750 2370
6 23 23.05 6059 26141 1677
7 1 13.40 8700 13317 2711
8 2 14.44 10100 15685 1253
9 3 14.19 7200 13840 1840
10 4 16.10 11400 21388 2215
11 5 12.97 8800 17645 1619
12 1* 7800 16510 1210
13 2 12.75 10900 22230 1987
14 3 14.01 13200 20608 2696
15 4 15.13 9500 19606 1629
16 1 15.51 15500 23430 3662
17 2 18.73 12500 22230 3162
18 3 18.98 13500 22953 2869
19 4 17.42 12500 16656 3668
20 5 20.08 10500 25321 1607
21 6 19.18 8500 22953 1177
22 7 16.46 12000 17268 1261

Mean (MPa) 17.02 10693 19513 2274
Std. dev. 2.95 2381 3687 870
cov 0.17 0.22 0.19 0.38
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Natural Log, Y
Serial no fmc Em Eb Emo
1*
2 2.87 9.54 9.83 8.31
3 2.97 9.24 9.72 7.88
4 3.03 9.33 9.95 7.79
5 3.00 9.24 9.66 7.77
6 3.14 8.71 10.17 7.42
7 2.60 9.07 9.50 7.90
8 2.67 9.22 9.66 7.13
9 2.65 8.88 9.54 7.52
10 2.78 9.34 9.97 7.70
11 2.56 9.08 9.78 7.39
12* 8.96 9.71 7.10
13 2.55 9.30 10.01 7.59
14 2.64 9.49 9.93 7.90
15 2.72 9.16 9.88 7.40
16 2.74 9.65 10.06 8.21
17 2.93 9.43 10.01 8.06
18 2.94 9.51 10.04 7.96
19 2.86 9.43 9.72 8.21
20 3.00 9.26 10.14 7.38
21 2.95 9.05 10.04 7.07
22 2.80 9.39 9.76 7.14

Table B-10: Assessment using rejection criteria (AS3700-2001: Appendix H)

Check for rejection

fmc | Em | Eb | Emo
Serial No. of Suspect result 6 6 16 7 6 21 2
Mean 2.80 9.28 9.23 9.88 9.85 7.69 7.63
Std. Dev. 0.18 0.20 0.22 0.18 0.18 0.37 0.37
Lower Rejection Limit, YI 2.27 8.67 8.57 9.34 9.29 6.57 6.53
Upper Rejection Limit, Yu 3.34 9.89 9.90 10.42 10.40 8.80 8.72
Assessmentresult  keep keep keep keep keep keep keep
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(2) Single factor ANOV A test

Table B-11: ANOVA results

(a) For fmc
Source of Variation ss! df Mms? F P-value F crit
Between Groups 90.135 2 45.067 6.161 0.006 8.112
Within Groups 75.401 17 4.435
Total 165.535 19
(b) For Em
Source of Variation ss! dr Ms? F P-value F crit
Between Groups 18010641 2 9005321 1.700 0.211 6.013
Within Groups 95368027 18 5298224
Total 113378669 20
(c) For Eb
Source of Variation ss! df Ms? F P-value F crit
Between Groups 70086947 2 35043474 3.127 0.068 6.013
Within Groups 201727518 18 11207084
Total 271814465 20
(d) For Emo
Source of Variation SS! df Mms? F P-value F crit
6.013

1262879 2 631440 0.820 0.456

Between Groups
13866923 18 770385

Within Groups

Total 15129803 20

'~ sum of squares; > — degree of freedom; * — mean square

Assuming significance level, o = 0.01 and considering two tailed test gives 0.005 in
each tail of the distribution of the test statistic. As P-value > 0.005 and F value <

Fcrit (Table B-11), it can be concluded that there is no significant difference between

the groups for fmc, Em, Eb and Emo values.
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APPENDIX C: PULL TEST EXPERIMENTAL STUDY

C.1  Pull test specimen design

For the design of pull test specimens, length of bonded region of the strip, L was
designed to be greater than the effective bond length, L in order to develop full IC
debonding resistance force, Pic. From Table C-1, it can be seen that the pull test

specimen height (L = 420mm) exceeded the maximum Legrof 399 mm.

T
L,=—
T
— Z-maprer
0. (EA
where, max ( )” .
Perimeter of debonding failure plane, Ly =2d,+b;
) 1+b
aspect ratio, ¢, = £
2+1,
O.976(pj?;526

maximum interface slip, Oax =

0.802+0.078¢, ’

maximum interface shear stress, 7,,,, =(0.802+0.078¢p,) 1"

> 7 max

The above equation can be modified for masonry using the relation between
splitting tensile strength of concrete f; and concrete cylinder compressive strength

1.’ by MacGregor (1988) as shown below.

Ji = e

0.53
It was assumed that a similar relationship exists between the compressive and

tensile strength for a clay brick masonry unit. Therefore,

f 1.2
r =(0.802+0.078¢ )| 24
s = ( 1 {0.53)
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The IC debonding resistance, was calculated using equation given by Willis et al.

(2009) and was checked against rupture.
- 0.263 L 0.6
P =0.98807" ()" |JL,,, (E4),

Table C-1: Pull test specimen design

Depth of FRP strip, bp 10.00 10.00 7.50 5.00 10.00
Thickness of FRP strip, tp 3.60 7.20 4.80 4.80 4.20
FRP rupture stress, frup 2700 2700 2700 2700 2700
Elastic modulus of masonry, Ep 165000 165000 165000 165000 165000
Lateral modulus of rupture, fut 2.82 3.22 3.22 3.56 3.56
dr 11.00 11.00 8.50 6.00 11.00
bf 5.60 9.20 6.80 6.80 6.20
Perimeter of debonding failuire plane, Lper 27.60  31.20 23.80 18.80 28.20
c/s area of FRP strip, Ap 36.00 72.00 36.00 24.00 42.00
Debonding failure plane aspect ratio, ¢¢ 1.96 1.20 1.25 0.88 1.77
IC debonding resistance, P - 41.19 58.86 36.78 25.86 50.35
FRP rupture force, Py =f1p. 4 97.2  194.4 97.2 64.8 113.4
Maximum interfacial shear stress, Tmax 6.08 7.07 7.07 7.95 8.02
Maximum interfacial slip, dmax 1.46 1.20 1.22 1.05 1.40
A2 1.94E-05 1.55E-05 2.32E-05 3.60E-05 2.33E-05
Effective bond length, L ¢ 357 399 326 262 326
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C.2 Pull test results

P1 results are included in Chapter 3.

C.2.1 P2 (M-SG 3.6-10-2)

Strain (=)
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2000 -

.Y

Appendix C
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Distance from loaded end (mm)
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Figure C-2: Strain distribution of P2
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C.2.2 P3 (M-SG-3.6-10-3)

Figure C-5: Failed specimen P3

12000 -

Strain (pe)
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Figure C-6: Strain distribution of P3
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Figure C-8: Local bond-slip (P3)
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C.2.3 P4 (M-SG-3.6-10-4)

Figure C-9: Failed specimen P4
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Figure C-10: Strain distribution of P4
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Figure C-11: Stress distribution of P3
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C.2.5 P6 (C-SG-3.6-10-6)

Figure C-17: Failed specimen P6
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Figure C-18: Strain distribution for P6
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C.2.6 Test Specimen P7 — P14

a) P7 by P8 o) Po

d) P10 e) P11 f) P12

g) P13 h) P14

Figure C-20: Failed specimen P7 — P14
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APPENDIX D: PULL TEST NUMERICAL STUDY

D.1  Bond strength models: Statistical analysis details

D.1.1 New EB specific model

cov

~ P

o dn
e

()

N

03 \0/
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Figure D-1: Determining exponent of f,; (n) by comparison with COV
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Figure D-2: Statistical analysis for key bond-slip parameters
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D.2  Example of numerical procedure

The numerical procedure described §4.3.2 is explained in this section through a step-
by-step calculation for the sample test specimen results of which have been used to
demonstrate the reliability of the predictive procedures. Geometric and material
properties for this specimen are given in Table 3-2and the local -0 properties are
shown in Table 3-4. Assuming that #,=7,~1 mm (Figure 2-7), L,.-= 28.2 mm. Also,
A, =230x 110 =25300 mm”® and 4, = 10 x 4.2 = 42 mm”. Take segment length dx =

1 mm. As the specimen is 420 mm long (igure 3-1), there are total 420 segments.

e Fix strain in FRP at loaded end at Position 0, ¢,(0) = 0.005

e Therefore, force in FRP, P(0) = ¢,(0)(EA),= 0.005 x (165000 x 42)/1000 =
34.65 kN

e The corresponding compression strain in the masonry at Position 0 , &,,(0) = -
P(0)/ (EA),,=-34.65x 1000 / (11491 x 25300) =-0.00012

e The slip strain over the first segment, ds(0)/dx = ¢,(0)-&,(0) = 0.005 — (-
0.00012) =0.00512

d=(0)
dx

e By integration, the change in slip over the first segment, As(0) =] dx =

0.00256 mm

e Guess a slip at the loaded end, = 4(0) = 6(0) = 0.40 mm

e The bond stress, 7,(0), corresponding to the guessed slip is derived from local
7-0 model for masonry = 11.27MPa

e The bond force acting over the first segment length, B(0) = 1,,(0) Lpedx =
11.27 x 28.2 x 1/1000 = 0.32 kN

e Therefore, the load in the FRP at end of the first segment, P(1) = P(0) — B(0)
=34.65-0.32=34.33 kN

e The strain in the FRP at end of the first segment, ¢,(1) = P(1)/ (E4), = 34.33
x 1000 / (165000 x 42) =0.00495

e The strain in the masonry at end of the first segment, ¢,,(1) = -P(I)/(EA)n = -
34.33 x 1000 / (11491 x 25300) =-0.000118
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e Hence, the slip at beginning of the second segment, o()=05(0)-As(0)= 0 4 —
0.00512 = 0.39744 mm

The numerical procedure is repeated over the subsequent segments to determine the
axial strain ¢, interface slip 0 and slip strain ds/dx. Two boundary conditions at the

unloaded end are used to solve the initial guess of A(0):
ds(420)/dx = 0 and 6(420) = 0.
D.3  Example of mathematical model

The closed form mathematical solution described in this paper is explained in this
section through a step-by-step calculation for the sample test specimen results of
which have been used to demonstrate the reliability of the predictive procedures.
Geometric and material properties for this specimen are given in Table 3-1and Table
3-2, respectively and the local -0 properties are shown in Table 3-4. Assuming that

ty=tq=1 mm (igure 3-1), Lyer = 28.2 mm.

D.3.1 Calculation for Rigid-softening 7-0 model

o Using 4 |mlo  oivesn=.00652.
Omax (EA4),

e Using :%gives Le =240.85 mm.

e Now, as L > L., Eq. 4-19 gives Pi;c = 53.99 kN. This compares well with 53.10
kN from test.

e At the end of debonding stage, A = 2.57 mm from Eq. 4-20 and the

corresponding magnitude from the test was 2.75 mm.

D.3.2 Calculation for elastic-softening 7-6 model

e Calculate the wvalues of o, PBi, P2, using B, =8p8,.8=L,,/A,
By =/E, + 4, /(E4), ). Bo= 6.205 x 10°°, ;= 0.671 and P~ 4.166 x 10”.

e The P-A solution during the elastic stage can be derived using Eq. 4-21 with A=
0.0124. At the end of this stage that is A = 6; = 0.33 mm, the load is 27.75 kN.
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e Using Eq. 4-22and Eq. 4-23 solution for the softening stage can be derived and A,
=0.0075.

e  When debonding initiates the peak load is attained and A = d.x. Therefore, ag =
135.22mm from Eq. 4-25. As L> aq4, hence, softening will fully develop. Eq.
4-24, gives Pjc = 53.34 kN which agrees well with the test value.

e At the end of debonding stage, P = 45.58 kN, a, = 207.6, and A = 2.65 mm from
Eq. 4-27 and Eq. 4-28. The corresponding magnitude of slip at this stage from the
test is 2.75.

D.3.3 Calculation for non-linear t-6 model

e Calculate Gr= 0.5*7 pnaxOmax = 7.46 N/mm and k = 3.28 mm’ using Eq.
4-29. From Eq. 4-35, Pic = 53.35 kN. This is in close agreement with

experimental result.
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APPENDIX E: WALL TESTS DETAILS

E.1  Test Specimen design
E.1.1 Walls 1-3

IC debonding Check

Elastic modulus of FRP, E,

Plate Thickness, tp

Plate depth, bp

No. of strips

Lateral modulus of rupture, f;
Elastic modulus of masonry, E,,
Height of masonry wall, H

Width of masonry wall, b

Wall thickness, tm

C/s area of FRP plate, Ap (per strip)
Perimeter of failure plane, Ly,
FRP rupture stress, fr

FRP rupture strain, &,

Masonry compressive strength, finc
Masonry crushing strain, &y,

IC debonding resistance per strip, PIC
Total PIC

Debonding strain in FRP, &4,
Assumed NA. Depth, ¢
Strain at extreme compressive side, €,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
XF=

165000
3.6

10
1

2.82
10400
1710
355
110
36
27.6
2700.00
0.0164
20.2
0.00194

41.19
41.19

0.00693

16.84

0.00132

41191
41191

0.00

MPa
mm
mm

MPa
MPa
mm

mm

mm
MPa

MPa

KN (Seracino et al.2007a)
KN

< grup <€—FRP Rupture check

mm —» Goal seek to get F=0

<« Masonry crushing
Check

< gmc

N
N
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E.1.2 Wall4

IC debonding Check

Elastic modulus of FRP, E, 165000  MPa

Plate Thickness, tp 3.6 mm

Plate depth, bp 10 mm

No. of strips 1

Lateral modulus of rupture, f; 2.82 MPa

Elastic modulus of masonry, E, 10400 MPa

Height of masonry wall, H 1710 mm

Width of masonry wall, b 230 mm

Wall thickness, tm 110 mm

C/s area of FRP plate, Ap (per strip) 36 mm’

Perimeter of failure plane, Ly 27.6 mm

FRP rupture stress, £ 2700.00  MPa

FRP rupture strain, £, 0.0164

Masonry compressive strength, fimc 20.2 MPa

Masonry crushing strain, &y, 0.00194

IC debonding resistance per strip, PIC 41.19 KN (Seracino et al.2007a)

Total PIC 41.19 KN

Debonding strain in FRP, &g, 0.00693  <erup <€—FRP Rupture check

Assumed NA. Depth, ¢ 20.49 mm —» Goal seek to get XF=0

Strain at extreme compressive side, €y, 0.00168 < egmc <« Masonry crushing
Check

Tensile force, F1 41190.92 N

Compressive force, F2 4119092 N

Check Force equilibrium

XF= 0.00
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E.1.3 Wall5

IC debonding Check

Elastic modulus of FRP, E,,
Plate Thickness, tp

Plate depth, bp

No. of'strips

Lateral modulus of rupture, f;
Elastic modulus of masonry, Ey,

Height of masonry wall, H

Distance between the support

Width of masonry wall, b

Wall thickness, tm

C/s area of FRP plate, Ap (per strip)
Perimeter of failure plane, Ly,

FRP rupture stress, fyp¢

FRP rupture strain, €,

Masonry compressive strength, finc
Masonry crushing strain, €,

IC debonding resistance per strip, PIC
Total PIC

Debonding strain in FRP, €g4,
Assumed NA. Depth, ¢
Strain at extreme compressive side, €y,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
XF=

165000
7.2

10
1

3.22
9240
2310
2064
1070
110
72
31.2
2700.00

0.0164
14.2
0.00154

58.86
58.86

0.00495

14.73

0.00081

58857.33
58857.33

0.00
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MPa

KN (Seracino et al.2007a)
KN

< grup <€—FRP Rupture check

mm —> Goal seek to get XF=0

< gme <« Masonry crushing
Check

N
N
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E.1.4 Wallé6

IC debonding Check

Elastic modulus of FRP, E, 165000 MPa

Plate Thickness, tp 4.8 mm

Plate depth, bp 7.5 mm

No. of strips 2

Lateral modulus of rupture, f;; 3.22 MPa

Elastic modulus of masonry, E,, 9240 MPa

Height of masonry wall, H 2310 mm

Distance between the support 2064 mm

Width of masonry wall, b 1070 mm

Wall thickness, tm 110 mm

C/s area of FRP plate, Ap (per strip) 36 mm’

Perimeter of failure plane, L., 23.8 mm

FRP rupture stress, f 2700.00  MPa

FRP rupture strain, &, 0.0164

Masonry compressive strength, finc 14.22 MPa

Masonry crushing strain, &g, 0.00154

IC debonding resistance per strip, PIC 36.78 KN (Seracino et al.2007a)

Total PIC 73.55 KN

Debonding strainin FRP, &g, 0.00619  <egrup <€—FRP Rupture check

Assumed NA. Depth, ¢ 14.82 mm —» Goal seek to get F=0

Strain at extreme compressive side, &, 0.00100 < emec <« Masonry crushing
Check

Tensile force, F1 73553.61 N

Compressive force, F2 73553.61 N

Check Force equilibrium

>F= 0.00
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E.1.5 Wall7

IC debonding Check

Elastic modulus of FRP, E, 165000 MPa

Plate Thickness, tp 3.6 mm

Plate depth, bp 10 mm

No. of strips 3

Lateral modulus of rupture, f;; 3.22 MPa

Elastic modulus of masonry, E,, 9240 MPa

Height of masonry wall, H 2310 mm

Distance between the support 2064 mm

Width of masonry wall, b 1070 mm

Wall thickness, tm 110 mm

C/s area of FRP plate, Ap (per strip) 36 mm’

Perimeter of failure plane, L., 27.6 mm

FRP rupture stress, f 2700.00  MPa

FRP rupture strain, &, 0.0164

Masonry compressive strength, finc 14.2 MPa

Masonry crushing strain, &g, 0.00154

IC debonding resistance per strip, PIC 44.60 KN (Seracino et al.2007a)

Total PIC 133.81 KN

Debonding strainin FRP, &g, 0.00751  <egrup <€—FRP Rupture check

Assumed NA. Depth, ¢ 17.74 mm —» Goal seek to get F=0

Strain at extreme compressive side, &, 0.00153 < eme <« Masonry crushing
Check

Tensile force, F1 13380945 N

Compressive force, F2 13380945 N

Check Force equilibrium

>F= 0.00
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E.1.6 Wall8

IC debonding Check

Elastic modulus of FRP, E,

Plate Thickness, tp

Plate depth, bp

No. of strips

Lateral modulus of rupture, f
Elastic modulus of masonry, E,,

Height of masonry wall, H
Distance between the support
Width of masonry wall, b

Wall thickness, tm

C/s area of FRP plate, Ap (per strip)
Perimeter of failure plane, Lper
FRP rupture stress, fryt

FRP rupture strain, .,
Masonry compressive strength, fmc
Masonry crushing strain, €,

IC debonding resistance per strip, PIC
Total PIC

Debonding strainin FRP, g4,
Assumed NA. Depth, c
Strain at extreme compressive side, €,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
>F=

165000

4.8
5
3
3.56
11490.0

2310

2064

1070
110

24
18.8
2700.00

0.0164
16.83
0.00146

25.86
77.59

0.00653

13.48

0.00094

77591.32
77591.32

0.00
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MPa

mm
mm

MPa
MPa
mm
mm
mm
mm
mm?
mm

MPa

MPa

KN (Seracino et al.2007a)

KN
<grup

mm—>

< Masonry crushing
Check

< emc

N
N

<€—FRP Rupture check

Goal seek to get F=0
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E.1.7 Wall9

IC debonding Check

Elastic modulus of FRP, E,

Plate Thickness, tp

Plate depth, bp

No. of strips

Lateral modulus of rupture, fy;
Elastic modulus of masonry, E,

Height of masonry wall, H
Distance between the support
Width of masonry wall, b

Wall thickness, tm

C/s area of FRP plate, Ap (per strip)
Perimeter of failure plane, Lyer

FRP rupture stress, frypt

FRP rupture strain, €.,
Masonry compressive strength, fmc
Masonry crushing strain, €

IC debonding resistance per strip, PIC
Total PIC

Debonding strainin FRP, gqp
Assumed NA. Depth, c
Strain at extreme compressive side, €,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
>F=

Appendix E

165000 MPa
3.6 mm
10 mm
1
3.56 MPa
11490.0 MPa
2310 mm
2064 mm
1070 mm
110 mm
36 mm?
276 mm
2700.00 MPa
0.0164
16.83 MPa
0.00146
47.37 KN (Seracino et al.2007a)
47.37 KN
0.00798 <egrup <€—FRP Rupture check
9.60 mm—> Goal seek to get ZF=0
0.00080 < emc € Masonry crushing
Check
47372.03 N
47372.03 N
0.00
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E.1.8 Wall 10

IC debonding Check

Elastic modulus of FRP, E,

Plate Thickness, tp

Plate depth, bp

No. of strips

Lateral modulus of rupture, f
Elastic modulus of masonry, E,

Height of masonry wall, H
Distance between the support
Width of masonry wall, b

Wall thickness, tm

C/s area of FRP plate, Ap (per strip)
Perimeter of failure plane, Lyer
FRP rupture stress, frpt

FRP rupture strain, €y,
Masonry compressive strength, fmc
Masonry crushing strain, €q

IC debonding resistance per strip, PIC
Total PIC

Debonding strainin FRP, g4
Assumed NA. Depth, ¢
Strain at extreme compressive side, €y,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
XF=

Appendix E

165000 MPa
4.2 mm
10 mm
2
3.56 MPa
11490.0 MPa
2310 mm
2064 mm
1070 mm
110 mm
42 mm?
282 mm
2700.00 MPa
0.0164
16.83 MPa
0.00146
50.35 KN (Seracino et al.2007a)
100.71 KN
0.00727 <egrup <€—FRP Rupture check
14.30 mm—> Goal seek to get ZF=0
0.00115 < emc <« Masonry crushing
Check
100709.36 N
100709.36 N
0.00
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Appendix E

E.2  Test set up details

Figure E-1: Mecano frame support system

230



Appendix E

Figure E-2: Wall specimen test set-up
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Appendix E

Figure E-3: Side view of wall test specimen
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Figure E-4: Axial load set up for wall test
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E.3  Masonry crushing check
E.3.1 Walll

Input Data

Elastic modulus of FRP, E,
Plate Thickness, t

Plate Width, bp

c/s area of FRP plate, Ap
Strain in FRP, g,

Elastic modulus of masonry, E,,
Width of masonry beam, b
Depth of beam, d

fmc

Assumed NA. Depth, ¢
Masonry crushing strain, emc
Calculations

Strain in FRP, ¢,
Strain at extreme compressive side, €3

Tensile force, F1
Compressive force, F2

Check Force equilibrium
>F=

E.3.2 Wall2

Input Data

Elastic modulus of FRP, E,
Plate Thickness, t

Plate Width, bp

c/s area of FRP plate, Ap
Strain in FRP, ¢4

Elastic modulus of masonry, E,,
Width of masonry beam, b
Depth of beam, d

fmc

Assumed NA. Depth, ¢
Masonry crushing strain, emc
Calculations

Strain in FRP, ¢,
Strain at extreme compressive side, €3

Tensile force, F1
Compressive force, F2

Check Force equilibrium
XF=

165000
3.6
10
36
0.009837
10700
355
110
17
16.63
0.00159

0.00878
0.00175

MPa

> gmc

55302.89678 N
55302.89678 N

0.00

165000

3.6
10
36
0.009987
10700
355
110
17
16.63
0.00159

0.00892
0.00178

MPa

mm
mm

MPa
mm
mm

mm

> gmc

56146.18584 N
56146.18584 N

0.00

Appendix E

Masonry Crushing check

Masonry Crushing check
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E.3.3 Wall3

Input Data

Elastic modulus of FRP, E,
Plate Thickness, t

Plate Width, bp

c/s area of FRP plate, Ap
Strain in FRP, g,

Elastic modulus of masonry, E,,
Width of masonry beam, b
Depth of beam, d

fmc

Assumed NA. Depth, ¢
Masonry crushing strain, emc
Calculations

Strain in FRP, ¢,
Strain at extreme compressive side, €;

Tensile force, F1
Compressive force, F2

Check Force equilibrium
2F=

E.3.4 Wall4

Input Data

Elastic modulus of FRP, Ej
Plate Thickness, t

Plate Width, bp

c/s area of FRP plate, Ap
Strain in FRP, g,

Elastic modulus of masonry, E,,
Width of masonry beam, b
Depth of beam, d

fmc

Assumed NA. Depth, ¢
Masonry crushing strain, emc
Calculations

Strain in FRP, ¢,
Strain at extreme compressive side, €3

Tensile force, F1
Compressive force, F2

Check Force equilibrium
2F=

165000
3.6
10
36
0.008298
10700

355
110
17
16.63
0.00159

0.00741
0.00148

MPa
mm
mm
mm

MPa
mm
mm

mm

< gmc

46650.75099 N
46650.75099 N

0.00

165000

3.6
10

36
0.008189
10700

230
110
17
20.23
0.00159

0.00728
0.00185

MPa

mm
mm
mm

MPa

> gmc

45933.39435 N
45933.3946 N

0.00

Appendix E

Masonry Crushing check

Masonry Crushing check
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E.3.5 Wall5s

Input Data

Elastic modulus of FRP, E,
Plate Thickness, t

Plate Width, bp

c/s area of FRP plate, Ap
Strainin FRP, &,

Elastic modulus of masonry, E,,

Width of masonry beam, b
Depth of beam, d

fmc

Assumed NA. Depth, ¢
Masonry crushing strain, emc
Calculations

Strain in FRP, &,
Strain at extreme compressive side, €3

Tensile force, F1
Compressive force, F2

Check Force equilibrium
>F=

E.3.6 Wall6

Input Data

Elastic modulus of FRP, E,
Plate Thickness, t

Plate Width, bp

c/s area of FRP plate, Ap
Strain in FRP, ¢,

Elastic modulus of masonry, E,,
Width of masonry beam, b
Depth of beam, d

fmc

Assumed NA. Depth, ¢
Masonry crushing strain, emc
Calculations

Strain in FRP, ¢,
Strain at extreme compressive side, ¢

Tensile force, F1
Compressive force, F2

Check Force equilibrium
XF=

165000 MPa
7.2 mm
10 mm
72 mm?

0.006998
10700 MPa
1070 mm
110 mm
17
13.76 mm
0.00159
0.00627
0.00100 < gmc

78817.00749 N
78817.00758 N

0.00

165000
4.8
7.5
36
0.010989
10700
1070
110
17
9.99
0.00159

0.01016
0.00110

62827.00764
62827.00764

0.00

MPa

mm
mm
mm

MPa

mm
mm

mm

< gmc

N
N

Appendix E

Masonry Crushing check

Masonry Crushing check
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E.4 Initiation of IC debonding

E.4.1 Wall5s

Elastic modulus of FRP, E,
Plate Thickness, t

Plate Width, bp

No. of strips

Elastic modulus of masonry, En,
fmc

Masonry crushing strain, emc
Height of masonry Wall, H
Distance between the supports
Width of masonry beam, b
Depth of beam, d

c/s area of FRP plate, Ap (per strip)
I-per

PIC per strip (exp-from pull test)
Total PIC

Strain in FRP, g,

Assumed NA. Depth, ¢
Strain at extreme compressive side, €,
Tensile force, F1

Compressive force, F2

Check Force equilibrium
>F=

MIC

Load cell, P applied

165000
7.2
10
1
10700
17
0.00159
2310
2064
1070
110
72
31.2
67.20
67.20
0.0057

13.76

0.00085

67200.00

67200.00

0.00

6439534
6.44

12480
12.48

Appendix E

MPa
mm
mm

MPa
MPa

mm
mm
mm
mm
mm’
mm
KN
KN

mm — Goal seek to get ZF=0
< gmc

N
N

N-mm
kN-m

N
kN
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E4.2 Wall 6

Elastic modulus of FRP, E;
Plate Thickness, t

Plate Width, bp

No. of strips

Elastic modulus of masonry, En,

fmec
Masonry crushing strain, emc
Height of masonry Wall, H

Distance between the supports

Width of masonry beam, b
Depth of beam, d

c/s area of FRP plate, Ap (per strip)

I-per
Strip spacing

PIC per strip (exp-from pull test)

Total PIC
Strain in FRP, g,

Assumed NA. Depth, ¢

Strain at extreme compressive side, €n,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
IF=

MIC

Load cell, P applied

165000
4.8
7.5

2
10700
17
0.00159
2310
2064
1070
110
36
23.8
535.00
59.40
118.80
0.01

13.84779447

0.00

118800.00

118800

5.78344E-06

11525754.68
11.53

22336.73
22.34

Appendix E

MPa
mm
mm

MPa
MPa

mm
mm
mm
mm
mm?
mm
mm
KN
KN

mm — Goal seek to get ZF=0

< emc
N
N

N-mm
kN-m

kN
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E4.3 Wall7

Elastic modulus of FRP, E;
Plate Thickness, t

Plate Width, bp

No. of strips

Elastic modulus of masonry, En,
fmc

Masonry crushing strain, emc
Height of masonry Wall, H
Distance between the supports
Width of masonry beam, b
Depth of beam, d

c/s area of FRP plate, Ap (per strip)
Lper

Strip spacing

PIC per strip (exp-from pull test)
Total PIC

Strain in FRP, g,

Assumed NA. Depth, ¢

Strain at extreme compressive side, €,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
>F=

MIC

Load cell, P applied

165000
3.6
10
3
10700
17
0.00159
2310
2064
1070
110
36
27.6
357.00
65.00
195.00
0.0109

16.59

0.00

195000.00

195000.0

0.000242158

18318348.21
18.32

35500.67
35.50

Appendix E

MPa
mm
mm

MPa
MPa

mm
mm
mm
mm
mm’
mm
mm
KN
KN

mm — Goal seek to get ZF=0

> emc
N
N

N-mm
KN-m

kN
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E.4.4 Wall8

Elastic modulus of FRP, E,
Plate Thickness, t

Plate Width, bp

No. of strips

Elastic modulus of masonry, En,
fmc

Masonry crushing strain, emc
Height of masonry Wall, H
Distance between the supports
Width of masonry beam, b
Depth of beam, d

c/s area of FRP plate, Ap (per strip)

I-per

Strip spacing

PIC per strip (exp-from pull test)
Total PIC

Strain in FRP, g,

Assumed NA. Depth, c

Strain at extreme compressive side, €,

Tensile force, F1
Compressive force, F2

Check Force equilibrium
F=

MIC

Load cell, P applied

165000
4.8
5
3

10700
17
0.00159
2310
2064
1070
110
24
18.8
357
44.80
134.40
0.0113

13.93

0.00

134400.00
134400.0

13199452.95
13.20

25580.34
25.58

Appendix E

MPa
mm
mm

MPa
MPa

mm
mm
mm
mm
mm
mm
mm
KN

KN

mm — Goal seek to get ZF=0

> gmc
N
N

N-mm
kN-m

kN
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Appendix E

E4.5 Wall9

Elastic modulus of FRP, E, 165000 MPa
Plate Thickness, t 3.6 mm
Plate Width, bp 10 mm
No. of strips 1

Elastic modulus of masonry, En, 10700 MPa
fme 17 MPa
Masonry crushing strain, emc 0.00159

Height of masonry Wall, H 2310 mm
Distance between the supports 2064 mm
Width of masonry beam, b 1070 mm
Depth of beam, d 110 mm
c/s area of FRP plate, Ap (per strip) 36 mm?
Loer 27.6 mm
Strip spacing 1070 mm
PIC per strip (exp-from pull test) 65.00 KN
Total PIC 65.00 KN
Strain in FRP, ¢, 0.0109
Assumed NA. Depth, c 9.93 mm — Goal seek to get ZF=0
Strain at extreme compressive side, €, 0.00 < emc
Tensile force, F1 65000.00 N
Compressive force, F2 65000.0 N

Check Force equilibrium

2F= 0

MIC 6394608.71 N-mm
6.39 kN-m

Load cell, P applied 12392.65 N
12.39 kN
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E.4.6 Walls 10-15

Elastic modulus of FRP, E, 165000 MPa
Plate Thickness, t 4.2 mm
Plate Width, bp 10 mm
No. of strips 2

Elastic modulus of masonry, En, 10700 MPa
fmc 17 MPa
Masonry crushing strain, emc 0.00159

Height of masonry Wall, H 2310 mm
Distance between the supports 2064 mm
Width of masonry beam, b 1070 mm
Depth of beam, d 110 mm
c/s area of FRP plate, Ap (per strip) 42 mm?’
Loer 28.2 mm
Strip spacing 535 mm
PIC per strip (exp-from pull test) 56.20 KN
Total PIC 112.40 KN
Strain in FRP, ¢, 0.0081
Assumed NA. Depth, c 14.78 mm — Goal seek to get ZF=0
Strain at extreme compressive side, €, 0.00 < gemc
Tensile force, F1 112400.00 N
Compressive force, F2 112400.0 N

Check Force equilibrium

2F= 0

MIC 10694509.35 N-mm
10.69 kKN-m

Load cell, P applied 20725.79 N
20.73 kN
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Appendix E

E.5  Unreinforced masonry strength calculations

acceleration, agrm

acceleration, agrm

E.5.1 Walls 14
| Wall 1-3 Wall 4
density of masonry, y 19 KN/m density of masonry, y 19 KN/m
weight of wall 0.634 KN weight of wall 0.411 KN
height of wall, H 1710 mm height of wall, H 1710 mm
distance between 1462 mm distance between 1462 mm
Supports Supports
width of wall 355 mm width of wall 230 mm
wall thickness 110 mm wall thickness 110 mm
section modulus of the section modulus of the

715917  mm3 463833 mm3
bedded area, Zd bedded area, Zd
applied axial compressive 0 MPa applied ax.lal 0 MPa
stress compressive stress
design compressive stress, 0.016 MPa design compressive 0.016 MPa
fd stress, fd
flexural tensile strength of ﬂ;xural tensile strength
masonry perpendicular to 0.53 MPa © masow 0.53 MPa

.. perpendicular to bed
bed joints, fmt ..
joints, fmt
bending moment capacity 1 bending moment |
factor, kmt capacity factor, kmt
capacity reduction factor, ® 1 capacity reduction factc 1
URM vertical bending URM vertical bending 0.25
capacity capacity '
(a) 0.39 (a) 0.74
(b) 1.14 (b)
Murm 0.39 kN-m Murm 0.25 kN-m
(lesser of (a) and (b)) (lesser of (a) and (b))

maximum applied load, 1299 KN maximum applied 0842 KN
Furm load, Furm
equivalent horizontal 102 g equivalent horizontal L02 o
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E.5.2 Walls 5 -15

Appendix E

acceleration, ayrm

| Walls 5-7 Walls 8-15 (No axial load)
density of masonry, y 19 KN/m3 density of masonry, y 19 KN/m
weight of wall 2.583 KN weight of wall 2.583 KN
height of wall, H 2310 mm height of wall, H 2310 mm
distance between 2064 mm distance between 2064 mm
Supports Supports

width of wall 1070 mm width of wall 1070 mm
wall thickness 110 mm wall thickness 110 mm
section modulus of the section modulus of the

2157833 mm3 2157833  mm3

bedded area, Zd bedded area, Zd

applied ax.1a1 0 MPa applied ax'lal 0 MPa
compressive stress compressive stress

design compressive 0.022 MPa design compressive 0.022 MPa
stress, fd stress, fd

flexural tensile strength flexural tensile strength

of masonry of masonry

0.52 MP 0.46 MP

perpendicular to bed a perpendicular to bed a
joints, fmt joints, fmt

bending moment | bending moment |

capacity factor, kmt capacity factor, kmt

capacity reduction factc 1 capacity reduction factc 1

URM vertical bending 117 URM vertical bending 1.04
capacity ' capacity '

(a) 3.37 (a) 2.98

(b) (b)

Murm 1.17 kN-m Murm 1.04 kN-m

(lesser of (a) and (b)) (lesser of (a) and (b))

maximum applied 2266 KN maximum applied 2015 KN
103.d, FURM 1oad, FURM

equivalent horizontal 044 ¢ equivalent horizontal 039 g

acceleration, ayrm
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Appendix E

| Walls 8-15 ( Axial load = 0.1MPa) |

| Walls 8-15 ( Axial load = 0.2MPa) |

density of masonry, y 19  KN/m3
weight of wall 2.583 KN
height of wall, H 2310 mm
distance between 2064 mm
Supports

width of wall 1070 mm
wall thickness 110 mm
section modulus of the

bedded area, Zd 2157833 mms3
applied ax.lal 0.1 MPa
compressive stress

design compressive 0122 MPa
stress, fd

flexural tensile strength

of masonry

perpendicular to bed 046 MPa
joints, fmt

bending moment |

capacity factor, kmt

capacity reduction factc 1

URM vertical bending 1.26
capacity

(a) 2.98

(b)

Murm 1.26 kN-m

(lesser of (a) and (b))

maximum applied

2.434 KN
load, Furm 3

equivalent horizontal
. 047 g
acceleration, ayrm

density of masonry, y 19  KN/m3
weight of wall 2.583 KN
height of wall, H 2310  mm
distance between 2064  mm
Supports
width of wall 1070 mm
wall thickness 110 mm
section modulus of the

2E+06 3
bedded area, Zd i
applied ax.lal 02 MPa
compressive stress
design compressive 0222 MPa
stress, fd
flexural tensile strength
of masonry

046 MP
perpendicular to bed a
joints, fmt
bending moment |
capacity factor, kmt
capacity reduction factc 1
URM vertical bending 1.47
capacity '
(a) 2.98
(b)
Murm 1.47 kKN-m
(lesser of (a) and (b))
maximum applied 2 850 KN
load, Furm
ivalent horizontal

equivalent horizonta 055 ¢

acceleration, ayrm
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APPENDIX F: WALL DESIGN CALCULATIONS

F.1  Prediction of moment capacity of retrofitted walls

F.1.1 Wall5s

Input Data

Masonry Wall

Specific weight,ym 19/kN/m3
Wall Height, H 2.31|m
Distance between the supports, Hs 2.064|m
Wall width, B 1.07/m
Wall Thickness, tm 110/mm
characteristic lateral modulus of rupture of masonry, f'ut 3.13|MPa
Elastic modulus of nasonry, Em 10700|MPa
Perpend factor, kp 1
Axial stress on wall 0|MPa
FRP Strip

Elastic modulus of FRP, Ep 165000/ Mpa
FRP tesnsile strength, frupt 2700|Mpa
Actual strip spacing, s 1070|mm
No. of strips 1
Depth of FRP strip, bp 10{mm
Thickness of FRP strip, tp 7.2lmm
Calculations

Cross-sectional area of FRP strip, Ap 72/mm?2
Perimeter of debonding failure plane, Lper 31.2|{mm
FRP strip aspect ratio, Of 1.195652

IC debonding resistance, PIC 67.76/kN
Wall self-weight, Pself 2.31|kN
Force in plate due to applied axial load, Papplied 0/kN
Tensile force, T 70.07|kN
Debonding strain, edb 0.005704
constant, a 2.145971
Neutral axis depth, ¢ 14.32858|mm
Leverarm. z 105.2238|mm
Predicted moment, Mcv 7.37|kN-m
Predicted load, Ppred 14.29|kN
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F.1.2 Wall 6

Input Data

Masonry Wall

Specificweight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut

Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt
Actual strip spacing, s

No. of strips

Depth of FRP strip, bp
Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, Of

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, c

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.31

2.064

1.07

110

3.13

10700

165000

2700

535

2

7.5

4.8

36

23.8

1.25

42.20

1.15

0

43.36

0.007105

2.132032

14.2852

105.2383

9.13

17.69

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.1.3 Wall7

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut

Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt
Actual strip spacing, s

No. of strips

Depth of FRP strip, bp
Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, c

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.31

2.064

1.07

110

3.13

10700

165000

2700

357

3

10

3.6

36

27.6

1.964286

49.52

0.77

0

50.29

0.008337

3.158384

17.12685

104.291

15.74

30.50

kN/m3

m

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.1.4 Wall8

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs

Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em

Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep
FRP tesnsile strength, frupt
Actual strip spacing, s

No. of strips

Depth of FRP strip, bp
Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, c

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.31

2.064

1.07

110

3.13

10700

1

0.1

165000

2700

357

3

5

4.8

24

18.8

0.882353

28.67

0.77

3.927

33.36

0.007239

2.413085

15.13038

104.9565

10.50

20.36

kN/m3
m

m

m

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.1.5 Wall9

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt

Actual strip spacing, s

No. of strips

Depth of FRP strip, bp

Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, Of

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, ¢

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.31

2.064

1.07

110

3.13

10700

1

0.1

165000

2700

1070

1

10

3.6

36

27.6

1.964286

49.52

2.31

11.77

63.60

0.008337

1.33261

11.45933

106.1802

6.75

13.09

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.1.6 Walls 10, 12

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt

Actual strip spacing, s

No. of strips

Depth of FRP strip, bp

Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, c

Leverarm.z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.31

2.064

1.07

110

3.13

10700

1

0.1

165000

2700

535

2

10

4.2

42

28.2

1.774194

53.03

1.15

5.885

60.07

0.007653

2.742518

16.05164

104.6495

12.57

24.37

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.1.7 Walls 11, 13

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut

Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt
Actual strip spacing, s

No. of strips

Depth of FRP strip, bp
Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, c

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.31

2.064

1.07

110

3.13

10700

165000

2700

535

2

10

4.2

42

28.2

1.774194

53.03

1.15

0

54.19

0.007653

2.473852

15.30556

104.8981

11.37

22.03

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.1.8 Walls 14, 15

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt

Actual strip spacing, s

No. of strips

Depth of FRP strip, bp

Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, c

Leverarm.z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.31

2.064

1.07

110

3.13

10700

1

0.2

165000

2700

535

2

10

4.2

42

28.2

1.774194

53.03

1.15

11.77

65.96

0.007653

3.011183

16.75631

104.4146

13.77

26.69

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.2  Yang’s (2007) wall tests

F.2.1 WallA

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt

Actual strip spacing, s

No. of strips

Depth of FRP strip, bp

Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, Of

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, c

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.5

2.5

110

3.55

3539

165000

2700

650

4

50

1.2

60

104

0.019231

54.67

1.70

0

56.37

0.005522

8.87474

27.1207

100.9598

22.51

8.19

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN

254



F.2.2 WallB

Input Data

Masonry Wall

Specificweight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut

Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt
Actual strip spacing, s

No. of strips

Depth of FRP strip, bp
Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, ¢

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

19

2.5

2.5

110

3.55

3539

0.1

16000

202

650

100

200

204

0.009804

38.30

1.70

7.15

47.15

0.011969

3.424904

17.77272

104.0758

19.37

7.04

Appendix F

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm
mm

mm2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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F.23 WallC

Input Data

Masonry Wall

Specific weight,ym

Wall Height, H

Distance between the supports, Hs
Wall width, B

Wall Thickness, tm

characteristic lateral modulus of rupture of masonry, f'ut

Elastic modulus of nasonry, Em
Perpend factor, kp

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tesnsile strength, frupt
Actual strip spacing, s

No. of strips

Depth of FRP strip, bp
Thickness of FRP strip, tp

Calculations

Cross-sectional area of FRP strip, Ap
Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, Of

IC debonding resistance, PIC

Wall self-weight, Pself

Force in plate due to applied axial load, Papplied
Tensile force, T

Debonding strain, edb

constant, a

Neutral axis depth, ¢

Leverarm. z

Predicted moment, Mcv

Predicted load, Ppred

Appendix F

19

2.5

2.5

110

3.55

3539

16000

202

500

77

154

158

0.012658

31.05

1.31

0

32.36

0.012601

2.902129

16.47489

104.5084

16.65

6.05

kN/m3

mm
MPa
MPa

MPa

Mpa
Mpa
mm

mm

mm?2
mm

kN
kN
kN
kN

mm
mm
kN-m
kN
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Appendix F

F.3  Verification of proposed design methodology

F.3.1 Wall5s

Input Data

Masonry Wall

Specific weight, ym 19|kN/m3

Wall Height, H 231 m

Distance between the supports, Hs 2.06/m

Wall width, W 1.07|m

Wall Thickness, tm 110|mm

Compressive strength of masonry, f'mc 17.00|MPa

Characteristic flexural tensile strength, fmt 0.48 MPa

Characteristic lateral modulus of rupture of masonry, f'ut 3.13|MPa

Elastic modulus of nasonry, Em 10700|MPa

Perpend factor, kp 1

Capacity reduction factor,o 1

Axial stress on wall 0|MPa

FRP Strip

Elastic modulus of FRP, Ep 165000/ Mpa

FRP tensile strength, frupt 2700|Mpa

Step 1

Weight of wall 5.17/kN

Design acceleration, ag. 331|g

Design weight, wd 17.10/kN

Demand moment, Md 8.82|kN-m

Step 2

Section modulus of the bedded area, zd 2016666.67 mm3/m

Lateral section modulus of the masonry units, Zu 2016666.67|mm3/m

Lateral section modulus of the perpends, Zp 2016666.67|mm3/m

Horizontal bending mmt, Mch kN-m/m
b) kN-m/m
) kN-m/m

Mch 2.79|kN-m/m

Step 3

Maximum strip spacing, Smax ‘ mm

Step 4

Select strip spacing, s 1070/ mm H| |‘H0rizontal bending

No of strips 2 failure check

Select, depth of wall, bp 10|mm

Select thickness of wall, tp 7.2|mm

Cross-sectional area of FRP strip, Ap 72|mm2

Step S

Perimeter of debonding failure plane, Lper 31.20/mm

FRP strip aspect ratio, ®f 1.20

IC debonding resistance, PIC 67.76| kN

Self weight of Wall, Pself 2.31|kN

Force in FRP strip due to applied axial load, Papplied 0.00/kN

Tensile force, T 70.07|kN

FRP strip rupture force, Prupt 194.40|kN H| |‘Rupture check

Step 6

Strip debonding strain, edb 0.0057

Constant, o 2.15

Depth of neutral axis, ¢ 14.33|mm

Step 7

Strain in masonry, em 0.0009

Stress in masonry, cm 9.14MPa H| |‘crushing check
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F.3.2 Wall 6

Input Data

Masonry Wall

Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt

Characteristic lateral modulus of rupture of masonry, f'ut

Elastic modulus of nasonry, Em
Perpend factor, kp

Capacity reduction factor,¢
Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep
FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, a,.

Design weight, wd

Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu
Lateral section modulus of the perpends, Zp
Horizontal bending mmt, Mch

Step 3

Maximum strip spacing, Sma

Step 4

Select strip spacing, s

No of strips

Select, depth of wall, bp

Select thickness of wall, tp
Cross-sectional area of FRP strip, Ap
Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, o

Depth of neutral axis, ¢

Step 7

Strain in masonry, em

Stress in masonry, cm

a)
b)
c)
Mch|

19
231
2.06
1.07

110
17.00
0.48
3.13
10700

165000
2700

5.17
5.23
27.02
13.94

2016666.67
2016666.67

2016666.67

2.79

kN/m3
m

m

m

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

kN
kN-m

mm3/m
mm3/m
mm3/m
KN-m/m
KN-m/m
kN-m/m
kN-m/m

mm

Appendix F

535

|\Horizontal bending

2

7.5

4.8

36

23.80

1.25

42.20

1.15

0.00

43.36

failure check

97.20

|‘Rupture check

0.0071

2.13

14.29

0.0011

11.35

|\crushing check
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F.3.3 Wall7

Input Data

Masonry Wall

Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt
Characteristic lateral modulus of rupture of masonry, flut
Elastic modulus of nasonry, Em

Perpend factor, kp

Capacity reduction factor,@

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, age

Design weight, wd

Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu
Lateral section modulus of the perpends, Zp

Horizontal bending mmt, Mch a)
b)
c)

Mch

Step 3

Maximum strip spacing, Smax

Step 4

Select strip spacing, s

No of strips

Select, depth of wall, bp

Select thickness of wall, tp
Cross-sectional area of FRP strip, Ap
Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, Of

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, o

Depth of neutral axis, ¢

Step 7

Strain in masonry, em

Stress in masonry, cm

19

2.31

2.06

1.07

110

17.00

0.48

3.13

10700

165000

2700

5.17

7.94

41.02

21.16

2016667

2016667

2016667

2.79

kN/m3
m

m

m

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

g

kN
kN-m

mm3/m
mm3/m
mm3/m
kN-m/m
KN-m/m
kKN-m/m
kKN-m/m

| 1i61fmm

Appendix F

357

3

10

3.6

36

27.60

1.96

49.52

0.77

0.00

50.29

|Horizontal bending
failure check

97.20

22%2%2%

|Rupture check

0.0083

3.16

17.13

0.0015

:

16.45

MPaI

|Crushing check
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F.3.4 Wall8

Input Data
Masonry Wall
Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt
Characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em

Perpend factor, kp

Capacity reduction factor,¢

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, age

Design weight, wd

Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu
Lateral section modulus of the perpends, Zp
Horizontal bending mmt, Mch

b)
c)
Mch
Step 3
Maximum strip spacing, Smax
Step 4
Select strip spacing, s
No of strips

Select, depth of wall, bp

Select thickness of wall, tp

Cross-sectional area of FRP strip, Ap

Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, Of

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, a

Depth of neutral axis, ¢

Step 7

Strain in masonry, em

Stress in masonry, om

19

2.31

2.06

1.07

110

17.00

0.48]

By S

10700

165000

2700

5.17

7.08

36.57

18.87

2016667

2016667

2016667

2.79

kN/m3
m

m

m

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

kN
kN-m

mm3/m
mm3/m
mm3/m
kN-m/m
kN-m/m
kN-m/m
kN-m/m

1229(mm

Appendix F

357

3

5

4.8

24

18.80)

0.88

28.67

0.77

0.00

29.44

mm

mm
mm
mm2

mm

kN
kN
kN
kN

||Horizonta| bending
failure check

64.80

kN

||Rupture check

0.0072

2.13

14.28

0.0011

mm

11.55

MPa

||crushing check
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Appendix F

F.3.5 Wall9

Input Data

Masonry Wall

Specific weight, ym 19(kN/m3

Wall Height, H 2.31m

Distance between the supports, Hs 2.06|m

Wall width, W 1.07|m

Wall Thickness, tm 110/mm

Compressive strength of masonry, f'mc 17.00|MPa

Characteristic flexural tensile strength, f'mt 0.48|MPa

Characteristic lateral modulus of rupture of masonry, f'd 3.13|MPa

Elastic modulus of nasonry, Em 10700|MPa

Perpend factor, kp 1

Capacity reduction factor,¢d 1

Axial stress on wall 0|MPa

FRP Strip

Elastic modulus of FRP, Ep 165000/ Mpa

FRP tensile strength, frupt 2700(Mpa

Step 1

Weight of wall 5.17[kN

Design acceleration, age 2.33|g

Design weight, wd 12.04/kN

Demand moment, Md 6.21/kN-m

Step 2

Section modulus of the bedded area, zd 2016667|mm3/m

Lateral section modulus of the masonry units, Zu 2016667|mm3/m

Lateral section modulus of the perpends, Zp 2016667\ mm3/m

Horizontal bending mmt, Mch kN-m/m
b) kN-m/m
c) kN-m/m

Mch 2.79|kN-m/m

Step 3

Maximum strip spacing, Smay mm

Step 4

Select strip spacing, s 1070{mm ‘|| ||Horizonta| bending

No of strips 1 failure check

Select, depth of wall, bp 10/mm

Select thickness of wall, tp 3.6/mm

Cross-sectional area of FRP strip, Ap 36/mm2

Step 5

Perimeter of debonding failure plane, Lper 27.60/mm

FRP strip aspect ratio, Of 1.96

IC debonding resistance, PIC 49.52|kN

Self weight of Wall, Pself 2.31/kN

Force in FRP strip due to applied axial load, Papplied 0.00/kN

Tensile force, T 51.83 kN

FRP strip rupture force, Prupt 97.20/kN \" ||Rupture check

Step 6

Strip debonding strain, edb 0.01

Constant, a 1.09

Depth of neutral axis, ¢ 10.40{mm

Step 7

Strain in masonry, em 0.0009

Stress in masonry, cm 9.32|MPa \" ||crushing check
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F.3.6 Wall 10

Input Data

Masonry Wall

Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt
Characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em

Perpend factor, kp

Capacity reduction factor,$

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, age

Design weight, wd

Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu
Lateral section modulus of the perpends, Zp

Horizontal bending mmt, Mch a)
b)
<)

Mch

Step 3

Maximum strip spacing, Smax

Step 4

Select strip spacing, s

No of strips

Select, depth of wall, bp

Select thickness of wall, tp

Cross-sectional area of FRP strip, Ap

Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, a

Depth of neutral axis, ¢

Step 7

Strain in masonry, em

Stress in masonry, om

19

2.3

2.06

1.07

110

17.00

0.48

S8

10700

1

1

0.1

165000

2700

5.17

5.96

30.79

15.89

2016667

2016667

2016667

2.79

kN/m3

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

g
kN
kN-m

mm3/m
mm3/m
mm3/m
kN-m/m
kN-m/m
kN-m/m
kN-m/m

1340[mm

Appendix F

535

2

10

4.2

42

28.20)

1.77

53.03

1.15

5.89

60.07

mm |

mm
mm
mm?2

mm

kN
kN
kN
kN

||Horizontal bending
failure check

113.40

|| Rupture check

0.0077

2.74

16.05

0.0013

mm

13.99

MPa |

||Crushing check
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Appendix F

F.3.7 Wallll

Input Data

Masonry Wall

Specific weight, ym 19/kN/m3

Wall Height, H 2.31{m

Distance between the supports, Hs 2.06|m

Wall width, W 1.07|m

Wall Thickness, tm 110/mm

Compressive strength of masonry, f'mc 17.00|MPa

Characteristic flexural tensile strength, f'mt 0.48|MPa

Characteristic lateral modulus of rupture of masonry, f'ut 3.13/MPa

Elastic modulus of nasonry, Em 10700/ MPa

Perpend factor, kp 1

Capacity reduction factor,d 1

Axial stress on wall 0|MPa

FRP Strip

Elastic modulus of FRP, Ep 165000 Mpa

FRP tensile strength, frupt 2700 Mpa

Step 1

Weight of wall 5.17|kN

Design acceleration, age 531g

Design weight, wd 27.45(kN

Demand moment, Md 14.16|kN-m

Step 2

Section modulus of the bedded area, zd 2016666.7/mm3/m

Lateral section modulus of the masonry units, Zu 2016666.7/mm3/m

Lateral section modulus of the perpends, Zp 2016666.7|mm3/m

Horizontal bending mmt, Mch a) kN-m/m
b) kN-m/m
c) kN-m/m

Mch 2.79|kN-m/m

Step 3

Maximum strip spacing, Smax HE mm

Step 4

Select strip spacing, s 535|mm | Horizontal bending

No of strips 2 failure check

Select, depth of wall, bp 10/mm

Select thickness of wall, tp 4.2|mm

Cross-sectional area of FRP strip, Ap 42/mm2

Step 5

Perimeter of debonding failure plane, Lper 28.20lmm

FRP strip aspect ratio, Of 1.77

IC debonding resistance, PIC 53.03[kN

Self weight of Wall, Pself 1.15[kN

Force in FRP strip due to applied axial load, Papplied 0.00{kN

Tensile force, T 54.19/kN

FRP strip rupture force, Prupt 113.40/ kN Ekuptum check

Step 6

Strip debonding strain, edb 0.0077

Constant, a 2.47

Depth of neutral axis, ¢ 15.31{mm

Step 7

Strain in masonry, em 0.0012

Stress in masonry, om 13.24{MPa @crushing check
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F.3.8 Wall 12

Input Data
Masonry Wall
Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt
Characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em

Perpend factor, kp

Capacity reduction factor,¢

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, age
Design weight, wd
Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu

Lateral section modulus of the perpends, Zp

Horizontal bending mmt, Mch a)
b)
0)

Mch

Step 3

Maximum strip spacing, Smax

Step 4

Select strip spacing, s

No of strips

Select, depth of wall, bp

Select thickness of wall, tp

Cross-sectional area of FRP strip, Ap

Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, Of

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, a

Depth of neutral axis, ¢

Step 7

Strain in masonry, em

Stress in masonry, om

19

255

2.06!

1.07

110

17.00

0.48

3.13

10700

0.1

165000

2700

5.17

5.61

29

14.96)

2016667

2016667

2016667

2.79

kN/m3
m

m

m

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

g
kN
kN-m

mm3/m
mm3/m
mm3/m
kN-m/m
kN-m/m
kN-m/m
kN-m/m

535

2

10

4.2

42

28.20

1.77

53.03

1.15

5.89

60.07

113.40

0.0077

2.74

16.05

0.0013

13.99

mm I | Horizontal bending

failure check
mm
mm
mm2

mm

kN -Rupture check

mm

MPa crushing check

Appendix F
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F.3.9 Wall13

Input Data
Masonry Wall
Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt
Characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em

Perpend factor, kp

Capacity reduction factor,¢

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, age

Design weight, wd

Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu
Lateral section modulus of the perpends, Zp

Horizontal bending mmt, Mch a)
b)
]

Mch

Step 3

Maximum strip spacing, Smax

Step 4

Select strip spacing, s

No of strips

Select, depth of wall, bp

Select thickness of wall, tp

Cross-sectional area of FRP strip, Ap

Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, a

Depth of neutral axis, c

Step 7

Strain in masonry, em

Stress in masonry, om

253

2.06

1.07

110

17.00!

0.48

3.13

10700

165000

2700

5.17

5.85

30.20

15.58

2016667

2016667

2016667

2.79

Appendix F

kN/m3
m

m

m

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

kN
kN-m

mm3/m
mm3/m
mm3/m
kN-m/m
kN-m/m
kN-m/m
kN-m/m

—

535

2

10

4.2

42

28.20

1.77

53.03

115

0.00

54.19

113.40

0.0077

2.47

15.31

0.0012

13.24

| Horizontal bending

failure check

mm

mm
mm
mm2

mm

@Rupture check

mm

||:| crushing check

MPa
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F.3.10 Wall 14

Input Data
Masonry Wall
Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt
Characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em

Perpend factor, kp

Capacity reduction factor,¢

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, age

Design weight, wd

Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu
Lateral section modulus of the perpends, Zp

Horizontal bending mmt, Mch a)
b)
<)

Mch

Step 3

Maximum strip spacing, Smax

Step 4

Select strip spacing, s

No of strips

Select, depth of wall, bp

Select thickness of wall, tp

Cross-sectional area of FRP strip, Ap

Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, a

Depth of neutral axis, ¢

Step 7

Strain in masonry, em

Stress in masonry, om

2.31

2.06

1.07

110

17.00

0.48

B8IS

10700

0.2

165000

2700

5.17

575

29.7

15.53

2016667

2016667

2016667

2.79

kN/m3
m

m

m

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

kN
kN-m

mm3/m
mm3/m
mm3/m
kN-m/m
kN-m/m
kN-m/m
kN-m/m

eom

Appendix F

535

2

10

4.2

42

28.20

1.77

53.03

1.15

11.77

65.96

mm

mm
mm
mm?2

mm

kN
kN
kN
kN

|HHorizontaI bending
failure check

113.40

|H Rupture check

0.0077

3.01

16.76

0.0014

mm

14.72

MPa

|Hcrushing check
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F.3.11 Wall 15

Input Data
Masonry Wall
Specific weight, ym

Wall Height, H

Distance between the supports, Hs

Wall width, W

Wall Thickness, tm

Compressive strength of masonry, f'mc
Characteristic flexural tensile strength, f'mt
Characteristic lateral modulus of rupture of masonry, f'ut
Elastic modulus of nasonry, Em

Perpend factor, kp

Capacity reduction factor,d

Axial stress on wall

FRP Strip

Elastic modulus of FRP, Ep

FRP tensile strength, frupt

Step 1

Weight of wall

Design acceleration, age

Design weight, wd

Demand moment, Md

Step 2

Section modulus of the bedded area, zd

Lateral section modulus of the masonry units, Zu
Lateral section modulus of the perpends, Zp

Horizontal bending mmt, Mch a)
b)
<)

Mch

Step 3

Maximum strip spacing, Smax

Step 4

Select strip spacing, s

No of strips

Select, depth of wall, bp

Select thickness of wall, tp

Cross-sectional area of FRP strip, Ap

Step 5

Perimeter of debonding failure plane, Lper
FRP strip aspect ratio, ®f

IC debonding resistance, PIC

Self weight of Wall, Pself

Force in FRP strip due to applied axial load, Papplied
Tensile force, T

FRP strip rupture force, Prupt

Step 6

Strip debonding strain, edb

Constant, a

Depth of neutral axis, c

Step 7

Strain in masonry, em

Stress in masonry, om

19

2.31

2.06

1.07

110

17.00]

0.48

3.13

10700

1

1

0.2

165000

2700

5.17

5.27

27.22

14.04

2016667

2016667

2016667

2.79

kN/m3

mm
MPa
MPa
MPa
MPa

MPa

Mpa
Mpa

kN

g
kN
kN-m

mm3/m
mm3/m
mm3/m
kN-m/m
kN-m/m
kN-m/m
kN-m/m

“ 1425{mm

Appendix F

535

2

10

4.2

42

28.20

1.77

53.03

1.15

11.77

65.96

mm

mm
mm
mm?2

mm

kN
kN
kN
kN

||Horizonta| bending
failure check

113.40

|| Rupture check

0.0077

3.01

16.76

0.0014

mm

14.72

MPa

||crushing check
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